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ABSTRACT

The annual generation of electric power in the United States results in production of over 43 million
tons of fly ash. Only about 22% of this amount is presently utilized. Neither of the used ash
applications requires the recovery of metals and other valuable components (i). In the process of
studying, there is another group of methods based on direct recovery of metals from ash (ii). This
paper continues presentation of new technologies for ash processing with silica pre-extraction
process (SP-process) and recovery of metals. Silica in ash represent about 40-65% of the total,
therefore the possibility of silica recovering and converting into a wide variety of pure chemical
silicate products with the predetermined properties is one of the main advantages of new
technologies. For technical and economic features these perspective technologies present the third
new group of methods of ash utilization (jii).

INTRODUCTION

In 1993, approximately 43.4 million metric tons of coal combustion fly ash were produced by the
electric utilities in the United States [1]. Only about 22% of this amount was used mainly for
cement, concrete products, and other [2]. For these applications, ash is used in an unsophisticated
way without recovery of same components (i). The low level of ash utilization shows that such
applications are insufficient for the complete utilization of fly ash, which is why there is a constant
need for finding new ways to increase utilization of fly ash. For a significant increase in ash
utilization, it is necessary to expand the assortment of useful products which can be produced from
ash.

Aluminum is one of the major ash components. Many chemo-metallurgical methods were proposed
for recovery of alumina from high-silica alumina-containing ores and industrial by-products
including ashes (ii). As applied to ashes, these methods have two fundamentally important
deficiencies which make them non- or low- profitable. One of them consists of great outlet streams
of raw materials and intermediate products which leads to high capital and operating costs of
alumina production [3-5]. As it will be shown below, no less important is the second deficiency -
withdrawal of silica from the technological process in the form of solid residue. Conversion of
silica into solid residue restricts the possibility of its utilization while silica represents the largest
component of ash (40-65% of the total).

This paper continues to present new technologies for ash processing which makes it possible to
reduce the outlet streams of raw materials and intermediate products, and to put out the most part of
silica in the form of chemical silicate products (iii). The earlier papers described the background
and main operations of new technologies [6,7]. The purpose of this paper is to expose main features
of new technologies with silica pre-extraction process and to evaluate their possible influence on the
economic showings.

EXPERIMENTAL

Object of research.

It is important to distinguish the varieties of ashes for choosing methods of the metal recovery,
depending on chemical and mineralogical compositions of ash. As object of present consideration,
ashes with low content of calcium and magnesium compounds were chosen. Ashes of some typical
United States’ coals of West Virginia, Ohio, and THlinois as well as ashes of Ekibastuz (Kazakhstan,
Russia), Donetzk, Kuznetzk, Podmoscow (Ukraine and Russia) coals are suitable for this
consideration. The chemical analysis of ashes and traditional raw materials used by aluminum
industry are given in Table 1.
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Prospects for ash using for alumina production. Strategy.

There are serious reasons to be doubtful about prospects of ashes to compete with traditional
aluminum raw materials if ash is used as a monomineral material like bauxite for aluminum
production only. The comparatively low content of alumina, high content of silica, and presence of
aluminum mainly in the form of chemically stable mullite [6,7] resuit in great outlet streams of
materials which have to be processed by the most power-consuming operations as roasting,
sintering, and other (Table 2). Finally, this leads to the high capital and operating costs of alumina
production from ash [3-5].

However, available industrial experience of alumina production shows that high silica materials can
be processed profitably if they are used as polymineral raw materials for production of alumina and
salable by-products as soda, potash and alkali for nephelines or sulfates for alunites. But ashes do
not contain any considerable quantities of alkali (Table 1) whose availability creates a profitable
technology of nephelines processing. Therefore, silica- the largest component of ash, can be used as
a salable by- product for ashes. The foregoing shows:

-ash can not be processed profitably as a monomineral raw material used for aluminum
production only

-to make aluminum production competitive, it is necessary to utilize silica that represents the
largest component of the ash

-it is important to develop less power-consuming technologies by means of lowering outlet
streams of raw materials and intermediate products.

Methods of ash utilization

Taking into account the principal importance of silica utilization, it is useful to examine all of the
methods from the viewpoint of silica recovery and utilization. From this standpoint, all of the
methods can be subdivided into three groups (Figure 1):

(i) Ash uses without recovery of components from ash (cement, concrete products, road base
and subbase, structural fills, embankments, filler, grouting, waste stabilization and other)[2].

(ii) Direct metallurgical processing of ash for alumina (aluminum) production without recovery
of silica.

(iii) Ash processing with silica recovery and utilization [6,7].

Chemo-melallurgical methods of the group (ii).

Many methods of this group are known for recovering aluminum from high-silica alumina
containing ores, concentrates, and industrial by-products. Technically suitable for ashes are those
that allow to convert the compounds of aluminum, mainly mullite or metakaolinite (in low-
temperature formed ashes) into acid- or alkali- soluble compounds by roasting, sintering or high-
temperature hydrochemical processes [3-5].

Acid methods

One of the main advantages of acid methods is the possibility of separating the great quantities of
silica in the beginning of process by leaching. But this very important advantage can be realized
only in the process of direct acid leaching which is suitable for low-temperature formed ashes
containing aluminum in the form of metakaotinite. In other methods, the great outlet streams of ash
and auxiliary agents (limestone[8], lime, acid or othtr) have to be sent to the most power-consuming
roasting and sintering processes which proceed to the process of leaching (Figure 1 /i/ ).

Alkaline methods
The current world aluminum production is based only on the alkaline technologies owing to the
following advantages of these methods:
- purity and physical properties of alumina correspond to the requirements of the electrolysis
process
- comparatively small stream of pulps and liquors because of high solubility of alumina in the
solutions
- lack of necessity of corrosion protection for equipment and solution purification from iron
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As applied to ashes, the main deficiencies of both acid and alkaline methods are the following:

1. The great streams of ash, fumace charges, cakes, pulps and liquors (Table 2).

2. Withdrawal of silica from technological process in the form of solid residue (Table 3).
Contrary to silica obtained from the silicate solutions, composition and physical properties of
solid residue are predetermined by the conditions of leaching therefore they can not be
changed. This restricts the areas of solid residue using mainly by cement production. As has
been mentioned above this application do not provide the further augmentation of ash
utilization.

Ash processing for alumina production with silica recovery and utilization (Figurel, /iii/ ).

A great difference in solubility of mullite and compounds of free silica (Figure 2) was used for the

extraction of the major part of silica from fly ash by silica pre-extraction process (SSP) [6,7]. Silica

dissolved in alkaline and soda-alkaline solutions can be converted into a wide variety of valuabie

pure silicate products (Table 3). Extraction of the largest part of silica from fly ash decreases the

outlet streams of ash, limestone, furnace charge, cake, and mud by 1.5-5.0 times (Table 2), and -
accordingly reduces the capital and operating costs of alumina production from fly ash.

SUMMARY

The major deficiencies of the chemo-metaliurgical methods which make them non- or low- "
profitable for ash processing are the great outlet streams of ash and the intermediate products, and

putting out silica in the form of solid residue. The deficiencies can be eliminated by means of new
technologies of ash processing with the silica pre-extraction process (SPP). The main advantages of

this process can be summarized in the following:

- ash is used as a polymineral source from which all of the major components including alumina,
silica and iron [6] can be recovered and utilized

- silica is put out from the technological process in the form of salable chemical silicate products

- the possibility to produce a variety of valuable chemical silicate products becomes a decisive
factor for improving economic showings of new technologies

- the major part of silica (50-75%) can be extracted from ash at the beginning of the
technological process. This results in outlet streams decreasing and accordingly in reduction of
capital and operating costs.
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Table1. CHEMICAL ANALYSIS OF FLY ASH AND RAW MATERIALS USED BY
ALUMINUM INDUSTRY (Wt. %).

Materials Al:0, SiO2 Fe:0: TiO2 Ca0 MgO Na.0 K20
Ash of Ekibastuz coal 28.4 59.6 5.10 1.83 1.31 0.65 0.33 0.59
Ash of WV 30.00 60.00 4.00 1.60 0.60 0.60 |0.50 1.50
Bauxite:
-low silica 41.0-60.0| 04-8.0 0.3-30 1.0-4.0
-high silica 43-57 12-19 6-22 2-3.5 Naz0 + K:0Q
Nepheline Concentrate 28-30 43-44 2-4 2-3 19-20
Nepheline (Russia) 275 40-41 4-5 SOs 13
Alunite (Azerbaijan) 22 41 4 20 5

Table 2. APPROXIMATE OUTLET STREAMS OF RAW MATERIALS AND INTERMEDIATE
PRODUCTS DURING PROCESS OF ALUMINA PRODUCTION.

QOutlet stream, ¥/t Al20a Decreasing of
Material Direct metallurgical JAsh processing with | _ outiet streams,
ash processing _]silica preextraction times
N (8-L.S)* (S-L.S SP)**
Raw material 3.99 (ash) 2.63 {concentrate) 1.51
' Limestone 10.27 2.06 4.98
N Furnace charge 15.3 6.26 2.44
Cake 10.00 4.61 2.16
Mud 8.30 282 2.94

* S-L.S - soda- limestone sintering process
**S-L.S SP -soda- limestone sintering process with silica pre-extraction

Ash Ash
' Dirlect Silica pre-extraction
N metallurgical
, processing Metalturgical Silicate
processing solution
Alumina  Solid
Cement, residue Chemical
concrete (mud) Alumina Mud silicate
production products
Q) (i) (i)

Figurel. Comparison of methods for ash utilization.
{ (i)-Ash uses without recovery of components. (ii}-Direct metalturgical
processing of ash. (jii}-Ash processing with silica pre-extraction.
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Table 3. COMPARISON OF SILICON CONTAINING PRODUCTS AND SOLID RESIDUE
AFTER ALKALINE PROCESSING OF ASH BY THE DIRECT RECOVERY OF

ALUMINA (1) AND PROCESS WITH SILICA PRE-EXTRACTION (iii). -
Method of coal ash Silicon containing products and residue after ash processing
processing Products from . Solid residue. Commercial
solutions Principal compound uses
(ii) Directrecovery of __ [ _ U S _
~alumina: 1 R -
- Lime-Soda Sintering | ] A -mud
o L o o (/3 CazSIOA)
- Lime Sintering 4 _-mud

- Hydrochemical
_high-caustic,

leaching

_high- temperature o

'( J  CaSi0y)

calcnum-;ﬂnca mud

_ ( Ca[HzSiO4] )

( iii) Ash processing with
silica pre-extraction
- Sintering with silica

pre-extraction process |

a) Chemical silicate |
products™
"SAS, S55,8MS,CMS, » -
SSM, SA, SC and other ) ) R ™ detergents .
(45-75% of the SiO:ztotal) y ’ “|and other sificon_

R cqntalntng produc1_s____

bl -mud | cement
T( A - CaSiOq
(55-25% of the SiO2 total)

" * SAS- silica alkaline solution; SSS- soda-silicate solution; SMC- sodium hydrometasilicate;
CMS- calcium hydrometasilicate; SSM- soda-silicate-mixtures; SA- silica amorphous;

SC- silica crystalline

SILICA EXTRACTION, %

- L]
HOURS

Figure 2. Efficiency of major ash
compounds dissolution in alkaline
solution: 1-mullite, 2-quartz, 3-ash
glassy phase, 4-ash cristobalite,
S-syntetic cnistobalite
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ABSTRACT

A chemical vapor deposition (CVD) technique has been used to increase the oxidative stability
of activated carbons. Activated carbons prepared from Gascoyne lignite (North Dakota) by thermal
or potassium hydroxide activations were subjected to BCI; in helium at 727°C with or without benzene
for a limited period of time, followed by annealing in helium at 900°C for three days. Untreated and
acid-washed coal samples were used to assess the magnitude of the effect of mineral matter in the coal
on the boron coating. The oxidative stability of the boron-modified carbons was determined from the
decomposition curves obtained from the thermogravimetric analysis.

Modification of the as-received, KOH-treated carbon yielded oxidatively stable carbons up to
an initial temperature of 520°C, compared to about 350°C for the starting material. Similar results
were obtained for the carbonized Gascoyne lignite. Sulfurous acid washing of the Gascoyne
significantly enhanced the thermal stability (600°C) of the boron-modified carbon.

INTRODUCTION

A major limitation in the use of carbons is their oxidative instability in air at high temperatures,
usually greater than 400°C. At higher temperatures, the carbon reacts with oxygen in the air to
produce CO and CO,. Some high-surface-area carbons could be utilized as catalysts or catalyst
supports or in separation technologies at higher temperatures if they could be stabilized against
oxidative degradation.

) The application of a protective layer on the carbon surface could block oxygen from reacting
with the surface carbons, or it could inhibit the reaction of oxygen with the surface carbon. Previous
work demonstrated that boron atoms substituted for carbon atoms on the surface of a carbon fiber,
composite, or graphite inhibits the oxidation reaction (1). Diffusion of boron via solid contact was
attempted but gave low incorporation. Recently, a CVD reaction was used to form a protective layer
on carbon fibers (2). This procedure resulted in a high concentration (25%) of boron, corresponding
to the formula BC,. A similar reaction of boron trichloride and benzene vapors on a hot activated
carbon surface could form a similar boron carbide protective coating. In this paper, we report the
preparation and performance of the protective layer formed in this manner on sorbent and catalytic
carbons.

EXPERIMENTAL
Preparation of CVD Carbons

As-received Coal Corporation of Victoria (CCV) lignite carbon was dried at 110°C overnight.
The predried carbon (1.62 g) was packed in a quartz tube. The tube was placed in a vertical furnace
and attached to a gas inlet.” The outlet was attached to a bubbler filled with NaOH solution to trap HCl
or BCl;. The carbon was heated to 727°C, and vapors of BCl, diluted with vapors of helium saturated

with benzene were passed through the carbon. The CVD was carried out for 4 hours.

In some cases, benzene was not used, and vapors of BCl, diluted with nitrogen were used for
carbide deposition.

The vapor-deposited carbon was annealed by heating in a gentle flow of helium at 900°C for
72 hours. The annealed carbon was grayish with a silvery mirror. The weight of the annealed carbon
was 1.6 g.
TGA Determinations of Stability in Air at High Temperatures

Determinations of stability in air were conducted in a Dupont Thermal Analyst 2100 system with
the TGA 951 analyzer module. Samples (50 mg) were heated at a rate of 25°C/min in an air stream.
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RESULTS
Boron-Deposition on KOH-Activated Carbon

Several carbons and chars were treated to increase their stability in air or hydrogen atmospheres.
Initially, the chemically activated carbon produced by the KOH method was utilized. This carbon was
prepared in Australia (CCV) from Gascoyne, North Dakota, lignite by pyrolysis in KOH. The CCV
carbon had a high surface area (N,-BET = 1325 m?¥/g) but was not as thermally stable as a carbon
prepared by steam activation. The thermogravimetric analysis (TGA) tests in air showed that the CCV
carbon began to react with air at 351°C (Table 1), and at 660°C, the carbon was completely consumed.
The decomposition curve was smooth, and the derivative peak was symmetrical, indicating a
consistency in the oxidation mechanism. The residue present after the TGA experiment indicated an
ash content of 7.3%. Much of the residue is potassium remaining from the earlier activation
procedure. It is difficult to wash out all the potassium salts, and they can be the cause of the lower
stability of the CCV lignite. The potassium salts will catalyze the gasification-combustion reactions
that occur as the carbon is heated in air (or another reactive atmosphere).

Chemical vapor deposition was performed by passing a helium stream containing boron
trichloride and benzene vapors through the CCV carbon at 727°C for 4 hours. The carbon was further
treated by annealing at 900°C in the helium stream for 72 hours. The TGA test with the resulting
carbon demonstrated an increased stability; the oxidation was not initiated until 507°C and was
completed at 854°C. The decomposition curve was a little less symmetrical, indicating two different
types of material or mechanisms were involved in the gasification-combustion reaction with air. In
this experiment, an ash representing 11.2% of the material remained after the TGA experiment was
completed. Thus a substantial amount of boron had been added.

A control experiment was performed by heating the CCV carbon in a helium stream with no
reagent gases at 727°C, followed by annealing at 900°C. The TGA test on this sample exhibited an
initial oxidation at 381°C, and the oxidation proceeded more slowly than the oxidation of the original
CCV carbon, but this was higher than the oxidation rate of the CVD carbons. The ash content was
7.2%, similar to that of untreated CCV carbon. Thus the annealing procedure appeared to increase
the stability by only a small factor, probably due to removal of the more reactive carbon material.

The presumed reaction is substitution of boron on the benzene or benzene decomposition
products to form a graphitic layer with substitutional boron (2). It seemed possible that boron could
form a protective coating on an activated carbon in the absence of the benzene by reacting directly with
the carbon surface. Thus a second CVD experiment was performed with the CCV carbon, in which
a helium stream containing only the boron trichloride was passed through the heated (727°C) carbon.
The carbon was annealed as before. The TGA test of the carbon produced by this method showed an
initial oxidation temperature of 518°C, but the decomposition occurred more rapidly, being complete
at 777°C. In this case, the ash weight was 4.4 %, indicating that some of the potassium present in the
carbon must have been lost. The chlorine liberated from the boron trichloride may have formed
potassium chloride which devolatilized at the high temperatures.

Boron Deposition on Gascoyne Char

Several reactions were performed with a Gascoyne carbon that was produced by carbonizing a
cleaned lignite under conditions similar to those used in the CVD procedure. The lignite was washed
with sulfurous acid to exchange out the calcium and alkali metals associated with the carboxylate
groups of the coal. The exchanged coal was carbonized at 727°C and then 900°C to produce the
carbon precursor for the CVD experiments. The control experiment on the carbon from the acid-

exchanged Gascoyne gave an initial oxidation temperature of 527°C. The ash content of the untreated
carbon was 5.8%.

A CVD carbon was then prepared from the 900°C-annealed carbon using a helium stream
containing boron trichloride and benzene vapors at 727°C. The resulting carbon was annealed at
900°C. The TGA of this CVD carbon showed a remarkable improvement in stability, with an initial
oxidation temperature of 600°C and complete oxidation at 890°C (See Figure 1). The ash content of
this material was 12.85%, indicating a substantial amount of boron was incorporated.

Treatment of the 900°C-annealed carbon with boron trichloride vapor in helium (no benzene)
was performed at 727°C for 4 hours, followed by annealing at 900°C to give the CVD carbon. The
TGA test with this CVD carbon showed an initial oxidation temperature of 522°C, similar to that
obtained from the 900°C-annealed precursor carbon. The ash content obtained in this test was 8.8% ,

indicating that boron was incorporated, even though benzene was not added to condense with the
boron.
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The addition of a carbon vapor source (benzene) to the boron trichloride generated an effective
protective boron carbide coating on the surface of the lignite-derived carbons. The lower stability of
the CVD carbons produced by boron trichloride vapor alone compared to the carbons produced by
boron trichloride-benzene CVD carbon suggests that the carbon structures are different in these two
types of samples, but we do not yet understand what boron forms are present. Although aromatic
volatile compounds released during carbonization of a lignite might decompose to provide the carbon
needed for the boron carbide layer, the type of volatile carbon species released in the gasification of
an activated carbon at 727°C (CO, CO,, CH,) may react with the boron differently or not at all. On
the other hand, condensation of the boron and carbon species generated from decomposition of the
benzene and boron trichloride gases does form a protective edge structure or layer. Boron carbide has
also been deposited on carbon fibers in a high-temperature (1200°-1500°C) reaction of boron
trichloride vapor with hydrogen (3).

Carbonization of an as-received Gascoyne lignite was also studied to determine whether the
mineral content of the resulting carbon affects the oxidation of the carbon. For the control (non-CVD),
the lignite was first carbonized at 400°C, then 727°C, and finally 900°C. The initial oxidation
temperature was similar to that obtained from similar thermal activation of the acid-washed lignite
discussed above. When the char produced at 400°C was treated with boron trichloride vapor in helium
for 2 hours at 727°C and then annealed at 900°C, the TGA test on this CVD carbon gave an initial
oxidation temperature of 503°C. Thus, the stability actually decreased as a result of the boron
treatment. The ash content of this boron-CVD carbon was quite high (16.0%). It is likely that much
of the ash represents reactions of the mineral matter with the BCl, to form calcium and sodium
chloride.

When the boron trichloride vapor treatment was continued for 4 hours, the resulting CVD carbon
showed an initial oxidation temperature of 516°C and final burnout at 826°C. This is still somewhat
less stable than the carbons produced without boron CVD.

CONCLUSIONS

The stability of activated carbons to air oxidation was remarkably improved by CVD with boron
trichloride and benzene vapors. A boron carbide layer on a lignite-derived carbon was able to increase
the stability to air oxidation so that the carbon could be used in an air stream at 600°C without
decomposition. A very high surface area carbon was stabilized significantly by the CVD of boron
carbide.
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Figure 1. TGA of CVD-Gascoyne Activated Carbon
TABLE 1
Chemical Vapor Deposition on Carbons
Carbon/Char, Init. Oxid.
g CVD Method Activation Temp.
CCV-Lig - - 351
CCV-Lig BCl,+He/727°C/4 hr 900°C/He/72 hr 519
CCV-Lig BCl,+benzene +He/727C/4 hr 900°C/He/72 hr 507
CCV-Lig - 727°C/He/4 hr 381
900°C/He/72 hr
Gascoyne/carb. 400°C BCl,+He/727°C/4 hr 900°C/He/72 hr 516
Gascoyne/carb. 400°C BCl,+He/727°C/2 hr 900°C/He/72 hr 503
Gascoyne/carb. 400°C - 727°C/He/4 hr 532
900°C/He/72 hr
Gascoyne/carb. BCl,+He/727°C/4 hr 900°C/He/72 hr 536
400°C/727°C/4 hr/
900°C/72 hr
Gascoyne He/727°C/4 hr 527
H,SO,-Cl/carb. 400°C 900°C/He/72 hr
Gascoyne H,SO,-Cl/ BCl+He/727°C/4 hr 900°C/He/72 hr 522
carb./4 hr/727°C/4 hr
900°C/72 hr
Gascoyne H,SO,-Cl BCl,+benzene +He/727°C/4 hr 900°C/He/72 hr 600
carb./4 hr/727°C/4 hr
900°C/72 hr

H,S0,-Cl = H,SO, - Cleaned
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Although high temperature in-situ lH NMR has successfully been used previously
to investigate the development of plasticity during coal carbonisation, the
proportions of rigid and fluid material have rarely been determined. This has
been achieved here using a high temperature Doty NMR probe operating at a
frequency of 100 MHz. At maximum fluidity, the mobile phase accounts for up
to 45% of the total hydrogen. Indeed, the fluid component increases both in
terms of concentration and mobility up to maximum fluidity. Decreasing the
particle size below 150 um suppresses softening, but at maximum fluidity, the
concentration of inert component is independent of the particle size.

INTRODUCTION

Although standard empirical tests such as Gieseler plastometer and Audibert-Arnu
dilatometer are widely used to ascertain the plasticity behaviour of coking coals
(), these tests do not easily relate to the actual structural changes that occur. High
temperature in-situ 'H NMR has successfully been used to investigate the motion
of coals in-situ during carbonisation, where parameters reflecting the spin-spin
relaxation times T2s, have been correlated with plasticity (). There are usually
two contributions to the !H NMR signals of coals: a mobile component with a
Lorentzian decay, and an inert component with a Gaussian distribution 3. Coal
being a macromolecular network contains a substantial inert component which
does not soften and forms the broad constituent of the NMR signal.

In the late 70’s, Sanada and coworkers conducted the first high temperature 'H
NMR study on coal and pitches at the early stages of carbonisation ¥). The
development of plasticity in coals was monitored by changes in the half width of
the spectra. However, due to experimental factors including the relatively small
sample size and low magnetic field used (37.5 MHz for 'H), the spectra could not
be deconvoluted to derive the proportion of inert material present. This
limitation was overcome from 1983 onwards by Lynch et al 23.56). who have
referred to the technique as "Proton Magnetic Resonance Thermal Analysis"
(PMRTA). They have used mainly the empirical parameter, M216,
corresponding to the spectrum truncated at 16 kHz which was found to be the
optimum frequency for gauging changes in fluidity ©®. However, in-situ |H NMR
has not been used widely to determine the overall concentrations of fluid and inert
material during coal carbonisation, due to the possiblity of truncating broad
Gaussian signals when signal to noise levels tend to be low at high temperatures.
This has been achieved here using a high temperature Doty NMR probe operating
at a frequency of 100 MHz. Three Australian bituminous coals with different
plastic properties have been investigated and both the oncentration and mobility of
the fluid components have been monitored. Furthermore, for one of the coals
investigated the effect of the particle size has been studied for fractions below 212

pm.

1147




EXPERIMENTAL

Table [ lists the proximate and maceral analysis as well as the Gieseler
plastometer results for the three coals investigated. The coals were ground to
-212 pm. Sample AUS-1 was also ground to give <45 and 212-45 um fractions.

In the high temperature measurements, the 90° pulse width varied with
temperature between 2.2 ps at ambient to 3.0 ps at 600°C. The solid echo pulse
sequence (90° - T - 90°) with a refocusing of 5 ps was used in order to minimise
the loss of signal due to the dead time of the NMR coil. About 40-70 mg of
sample was packed in a zirconia container which was placed horizontally in the
stator. A flow of 12 dm3 min-! of dry nitrogen was used to transfer heat to the
samples and to remove the volatiles escaping trough a small ventilation hole in the
container. Spectra were obtained at a number of different temperatures and the
free induction decays (FIDs) were transferred from the spectrometer to a PC for
processing and fitted to Lorentzian and Gaussian components, as appropriate.
The spectra obtained in the fluidity range could best be fitted to either one
Gaussian and one Lorentzian component or two Gaussian components.

RESULTS AND DISCUSSION

General aspects Figure 1 shows the 'H NMR spectra for sample AUS-1 obtained
at 25°C, 453°C - maximum fluidity and 529°C - after resolidification. Figure 2
compares the peak widths at half height, AH|/2, measured in-situ at temperatures
up to 600°C for the three coals and Figure 3 shows the deconvoluted spectra for
two of the coals at the temperature of maximum fluidity. The coals behave in a
similar way with a constant AH/2 corresponding to single Gaussian component
before the onset of thermoplasticity (300-350°C). The maximum fluidity at 430-
480°C is reflected by the minimum in AHj/2, corresponding to a maximum in T2.
During the fluidity range, the peak width of the plastic phase is only between 20
and 30% of that for the initial coal. Comparable observations in peak half width
have been reported earlier by Sanada (4.7) and by Lynch et al. Using the Mar6
parameter (56). As expected, the fluid component has its highest contribution to
the total NMR signal at maximum fluidity.

After the onset of resolidification, (470-510°C) the average peak width increases
to reach a value similar to that of the initial coal with only a single Gaussian
component being observed. The inert component represented by a Gaussian
distribution has a relativerly constant T2 of =20 us throughout the temperature
range studied (Table 2).

Proportions of rigid and fluid material For the coals investigated, Table 2 lists
the proportions of these components at maximum fluidity and their associated
spin-spin relaxation times (T2s). The data (<212 p fractions indicate that the
extent of fluidity development for AUS-4 is much less than for AUS-1 and AUS-8
(Table 2). It generates a lower concentration of fluid material that has
considerably less mobility than that for the other coals (Table 2). Indeed, the
spectrum at maximum fluidity for AUS-4 can be fitted using only two Gaussian
components, without including the Lorentzian for the most fluid material.
Further, Figure 2 indicates that maximum fluidity is attained at a lower
temperature for AUS-1 and AUS-8 than AUS-4, consistent with the Gieseler
plastometer data. For AUS-8, the concentration of inert material only accounts
for 56% of the total hydrogen observed (Table 2).

Figure 4 shows the evolution of the fluid component for sample AUS-1. During
the plastic stage, the T2 or mobility of the Lorentzian component increases,
together with its contribution to the total signal. This reaches a maximum at
450°C and then decreases during the resolidification process. Thus, the
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development of fluidity and subsequent resolidification in the coals follow the
same trend involving changes in both concentration and mobility of the plastic
phase. .

Particle size For AUS-I1, the particle size has a significant effect on the
development of fluidity. Table 3 lists the proportions of rigid and mobile
material and their Tas at maximum fluidity for the three different particle size
fractions studied. The mobility of the narrowest component is suppressed for the
<45pum fraction, and there is still a noticeable difference between the <212 and
212-45 um fractions. The suppression of fluidity with decreasing particle size is
represented by a reduction in the mobility of the fluid material, rather than a
reduction in its concentration. This reduction in fluidity may be ascribed to
either an oxidation effect or a combination of reduced voidage between the coal
particles and the fact that fluid material will escape easier from smaller particles.
Careful grinding of the coal and high temperature NMR analysis of the resultant
fractions strongly suggests that the latter is the prime cause of the fluidity loss.
Furthermore, it has been shown that fluidity is essentially a reversible
phenomenon provided that the sample is cooled rapidly from the temperature of
maximum fluidity.

CONCLUSIONS

The results have confirmed the ability of high temperature 1H NMR to follow
coal carbonisation in-situ. The approach used here is able to describe the
carbonisation process in terms of the proportions of rigid and fluid material as
well as the mobility of the latter. Decreasing the particle size below 150 um
suppresses softening, but at maximum ﬂundlty, the proportion of inert material is
independent of the particle size.
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Table 1 Proximate analysis, vitrinite reflectance, atomic H/C and temperature
of maximum fluidity determined by Gieseler and NMR for the coals investigated.

VM (db) Ro (max) atomic H/C  Tem. max/°C

AUS-1 23.1 1.20 0.60 451 (453)»
AUS4 19.63 1.46 0.61 472 (470) )
AUS-8 33.94 0.86 0.74 460 (460)

a Values in brackets were determined by 1H NMR.

Table 2 Deconvolution into two components identified in the |H NMR spectra
obtained at maximum fluidity for the three coals investigated.

% rigid Ty rigid / ps % mobile T2 mobile / ps
AUS-1* 62 20.7 38 82
AUS4** 8l 20.9 19 68
AUS-8* 56 222 44 92

* Deconvoluted into one Gaussian and one Lorentzian components.
** Deconvoluted into two Gaussian components.

Table 3 Deconvolution into two components of the 1H NMR spectra obtained
at maximum fluidity for AUS-1 as a function of the particle size.

%origid Ty rigid / ps % mobile T2 mobile / ps
<45um 63 18.5 37 48
<212pum 62 20.7 38 82
45pum - 212pm 68 23.3 32 111
I
)
50006 v 50000 A
HEATZ
Figure I  'H NMR spectra for AUS-1 at 25°C (bottom), maximum fluidity at \
453°C (middle), and resolidification at 529°C (top). .
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EVAPORATIVE LIGHT SCATTERING DETECTION IN QUANTITATIVE HPLC OF
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INTRODUCTION

The term Polycyclic Aromatic Compounds (PACs) include a wide variety of classes of compounds.
In turn, the number of possible PACs for each class is of astronomical proportion (1, 2).
Environmental and fossil-fuel samples are composed of very complex mixtures of unknown PACs. The
strategy for their analysis depends, among others, on the nature of matrix and PAC concentration, and
involves cleanup/prefractionation steps and HPLC analysis. Therefore, HPLC detectors must be
calibrated with pure reference standards for every substance to be quantified. However, only a
relatively small fraction of PACs can unambiguously be identified and are commercially available (2).
An ideal detector for chromatography of complex mixtures should provide uniform response factors
for each separated compound or class of compounds. None of the conventional HPLC detectors (UV,
Refractive Index, fluorescence) meet this requirement, neither for mixtures of unknown but well-
separated pure peaks nor for compound-class fractionation of fossil fuels (where other additional
problems can occur, such as presence of very heavy and polar PACs, quenching problems using
fluorescence detection, need of tedious absolute calibrations, etc.)

It has been reported that the Evaporative Light Scattering Detector (ELSD) enables all types of non-
volatile solutes to be detected (3, 4), although it has recently been reported that solutes having a lower
volatility than the mobile phase can be analyzed working at mild temperatures (5). Detector response
has been reported to be quite independent of the chemical composition of the solute. However, very
different response factors were reported in the past in the case of semi-volatile PACs (6). This work
intends: i) to evaluate the possibility of the application of ELSD in order to quantify PACs in complex
mixtures, ii) to theoretically justify the responses of the studied PACs, and iii) to lay the groundwork
for application to fossil-fuel characterization.

EXPERIMENTAL

The HPLC system consisted of: a Waters 510 pump, a 77251 Rheodyne injector, a PL-Gel Mixed-E
(30 cm length, 3 pm particle size with mixed pore distribution), and a PL-EMD 950 ELSD. GPC-
grade-Tetrahydrofuran (THF) stabilized with BHT was used as mobile phase. Flow rate was 1 ml/min.
The output signal from the detector was fed into a Fluke Hydra 2620 multichannel data acquisition
unit, and stored in an HP 100LX computer for data acquisition. Raw data were further reprocessed
using an adequate spreadsheet in a 486 PC clone.

The operating mode of ELSD is as follows: the effluent from the chromatographic column enters a
Venturi nebulizer and is converted into an aerosol by a stream of air (12 1 min"). Venturi consists of
a stainless steel capillary tube (0.25 mm i.d., 1.59 mm o.d.) carrying the column effluent, which is
surrounded by a larger tube (2 mm i.d.). The fine droplets formed are then carried out through a
temperature controlled drift tube which causes evaporation of the mobile phase to form small particles
of non-volatile solute. This cloud of solute passes through a white light in the broad-band 400-700 nm,
which produces light scattering, which in turn is detected by a photomultiplier at a 60° angle. The
evaporation temperature used was 30°C.

The amounts (ug) of the studied PACs reported throughout the text correspond to the mass effectively
injected. The response factor of each standard is defined as its corresponding area, 4 (counts as pV
s') per mass unit, 7 (1g). Only absolute response factors are used throughout this paper.

RESULTS AND DISCUSSION

Quantification of PACs using ELSD

In a first step of the research, detector response (4) vs sample load () was evaluated for pure PACs,
and binary mixtures of PACs. In each mixture injected, either coronene or 2-hydroxycarbazole was
used as reference standard due to their adequate retention time using the above-mentioned column.
Although adequate regression coefficients (r = 0.999) were obtained for the studied PACs using linear
regressions, deviations from the theoretical linearity at low sample loads were evidenced by: i)
significantly Jower response factors for each pure PAC as sample load decreased (Table 1), ii) in the
case of mixtures, greater differences between area percentages from the chromatogram and known
mass percentages (hereafter referred as to 4-m differences) at low sample loads (Table 1), and iii) a
better fit of experimental data to logarithmic regressions (log A = loga + b * log m, from 4 = a * m).
Parameters from both types of regression for some different PACs are given in Table 2. Values of
and b are similar for the studied PACs despite their different chemical nature, suggesting similar
responses. The physical meaning of b, and the agreement between the experimentally obtained and
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theoretically calculated b values for the studied PACs are explained later in this work, as well as a
theoretical justification of linearity deviation. This is inherent to ELSD regardless of the
volatility/involatility of the PACs. Recent results reported by Dreux el al. (5) showed a similar
behavior in the case of glucose analysis on an octadecyl bonded silica when using either ELSD or
Refractive Index detector. They demonstrated that linearity deviation is even larger in the latter case.
The sample load range in which ELSD behaves in a non-linear fashion depends on the considered PAC '
(Table 1, results at 20 and 40 pg). Results from Table 1 at 40 pg (in the linear zone of ELSD) show
that the studied 3-6 ringed, semi-volatile polycyclic aromatic hydrocarbons (PAHs) can be analyzed
using ELSD under the described mild conditions with A-m differences lower than 6 % w/w. The same
can be said for other analyzed hydroxy-PAHs, and heteronuclear PACs. All these standards presented
quite uniform response factors despite their different chemical natures. Therefore, ELSD can be used
in this zone for the analysis of complex mixtures of PACs in which there are unknown components,
avoiding any calibration step. This is an advantage with regard to the other conventional HPLC
detectors, such as UV, Refractive Index and fluorescence. At low sample loads, ELSD needs a
calibration step and can be useful for mixtures of known PACs, in the same manner than the other
HPLC detectors. From the point of view of quantitative accuracy, b does not have to be equal or close
to unity providing an accurate value is known (7).

Are low-sized PACs really underestimated using ELSD?

The chromatographic quantification of PACs and other related compounds (with b.p. and MW lower
than 285°C and 300 u.m.a., respectively) using ELSD was questioned in the past (6, 8). However, our
results show reasonably uniform response factors in the linear zone of ELSD in the case of PACs with
these characteristics. A partial volatilization of all the studied PACs due to the nebulization and
evaporation must be discarded, given the negligeable volatility, for instance, of coronene (Po = 1.63
* 10* mm Hg at 150°C) at the mild conditions used (30°C). Semi-volatile PAHs with 3-6 aromatic
rings, small-sized N-heteronuclear PACs and hydroxy-PAHs present similar response factors to hardly
volatile coronene, and therefore can be analyzed using mild working conditions.

The impossibility of analyzing PACs using ELSD was exclusively attributed to the supposed volatility
of these compounds. Although this should not be discarded in some cases, results presented here
suggest that the values of the corresponding response factors reported in the literature were estimated
at low loads and/or higher temperatures than those used here. As well, there have been changes in the
configuration of nebulizers in the newer models with respect to the older ones. Nebulization directly
influences particle diameter, which in turn affects the sensitivity of ELSD for different solutes, as
explained in the last section of this work.

It must be stressed that the volatility of a given compound cannot merely be predicted from its b.p.
and MW (3). For instance, although acenaphthene and 2-naphthol have similar b.p. and MW, the
former showed no signal from ELSD under the conditions used, while the latter gave a high response
factor. Vapor pressure at a given temperature (if possible) is a better parameter to compare relative
volatilities although it should be taken with caution because ELSD evaporates in an air flow.
However, there is a value of vapor pressure for a given temperature over which PACs cannot be
analyzed using ELSD. Thus, two-ringed PACs (naphthalene, 2-methylnaphtalene), and low-sized, non-
planar, hydrogenated PACs (acenaphthene, fluorene), showed either no signal or an important loss
of response at 30°C, as expected given their high vapor pressures.

Agreement between theoretical and experimental data on evaporative light scattering response
of PACs. Why are response factors of studied PACs reasonably uniform under the used
working conditions?

The stages involved in evaporative light scattering detection are: nebulization of the HPLC effluent,
evaporation of the mobile-phase droplet cloud, and scattering of incident light.

Nebulization depends on the mobile phase properties and flow rate, nebulizer geometry and
nebulization conditions, through Mugele and Evans’ droplet size distribution (9), and the equation of
Nukiyama and Tanassawa, as reported by Van der Meeren et al. (10). Details of all calculations
presented here are reported elsewhere (11). The droplet size distribution (in volume) under our
working conditions is given in Figure 1.

After evaporating, the diameter of solute particles (d,) can be related to the concentration, C, through

d,=d.(C/p)”

where p, is the solute density, and, 4 is each value of the droplet diameter distribution after
nebulization. C is function of both time and chromatographic conditions according to

_xne® exp [~ - o 1 (25d?)]
0, (2ID)2sd

C
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where X is the sample load, @, is the mobile phase flow rate and sd and ¢, are the standard deviation
and retention time of the chromatographic peak, respectively. This means that each point of a given
chromatogram has its corresponding particle size distribution. The highest diameters in the
distributions correspond to the maximum of each peak. Figure 2 shows nine size distributions
corresponding to the first half of the chrysene peak. Figure 3 gives the particle size distributions at
peak maxima i the cases of chrysene and coronene. Particle size distributions for the studied PACs
are similar because their densities are not very different (between 1100 and 1300 kg m?,
approximately).

ELSD is a detector which presents different sensitivities with regard to the scattering domain of work
(Rayleigh, Mie, reflexion-refraction). These domains are determined by the ratio of a characteristic
dimension (e.g. diameter, d) of the solute particle to the wavelength(s) of the incident light beam (1)
(12). It is very important to work in similar d/4 ranges in order to have homogeneous response factors
for the components of a complex mixture. Rayleigh scattering is predominant when d/4 is smaller than
0.1. In this domain, the intensity (/) of scattering increases very rapidly with increasing particle
diameter (d, ). I is lower for particles in the Rayleigh domain than for other domains. Mie scattering
becomes preponderant when &/ is greater than 0.1. In this domain, / increases as the fourth power
of diameter. For greater d/A ratios (approximately 2), reflexion and refraction become dominant and
sensitivity increases. (7 is function of diameter squared). / from spherical particles can be calculated
Jfor any size using Mie's theory. Therefore, when 7 is expressed in function of the concentration, (13)
through particle diameter (d, = d_* (C/ p)** ), then I = f{C), f{C'**) or f{C**), for Rayleigh, Mie or
reflexion-refraction domains, respectively. In Table 2 it can be seen that experimentally obtained b
values for PACs are between 1.29 and 1.47, that is, near to the theoretical value for Mie's domain.
Calculations of d/4 from particle size distributions are in agreement with this. The highest /4 for
chrysene ( at 40 pg, at the maximum of the peak, and for A=400 nm) is 1.05. The homogeneous
response of PACs is illustrated by the similar values of d/4 for chrysene and coronene (Figure 3).

Application of ELSD to HPLC-compound class fractionation and HPLC-GPC of fossil fuels
Besides the above-mentioned quantitative application of ELSD for analyzing mixtures of unknown
PACs, this detector presents several advantages with respect to Refractive index detector, in the case
of compound-class fractionation of fossil fuels, in general: possibility of using gradients of eluants and
typical eluants of reversed phase, rapid stabilization with temperature, and adequate baseline (no
negative peaks, no solvent fronting). More particularly, coal-tar pitches mainly consist of PAHs and
their heteronuclear analogues (14). Therefore, the PACs studied in this work represent quite well a
part of PACs found in coal-tar pitches. These are usually analyzed using HPLC-compound class
characterization after a chromatographic prefractionation. According to our results, ELSD could be
used to quantify this type of analysis. GPC-ELSD has been carried out to obtain comparative curves
of size distribution for coal-tar pitches, using the same column as that used here (15). Given that no
discrete peaks are obtained with this technique, more research is needed to understand the influence
of nebulization and chromatographic conditions on particle diameter in order to perform semi or
quantitative analyses.
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Table 1. Response factors (A/m), and differences between area and mass percentages (A) of
A\ PAC standards in binary mixtures at several sample loads using either 2-hydroxycarbazole
4 (HCBZ) or coronene (CRN) as references’,
40 pg 20 ug 8ug
Standards

A? A/m Al A/m A/m
’ 7,8-benzoquinoline 0.8 1.188 15.7 0.475 0.213

4 diphenyldisulfide 1.0 11874 | 70  0.621% | 0347
' coronene 15 1308 | 82 0870 | 0321
perylene 1.5 1383 | 72 0754 | 0410

2-hydroxycarbazole 1.5 1390* | 82  1220° | 0.565
Benzo[ajpyrene 2.5 1407 | 52 079 | 0435

\ tianthrene 25 1.291 13 0.974 0.446
N anthracene 2.6 1.002 7.0 0.733 0.536
acridine 2.6 1.523 4.7 1.138 0.319

phenoxazine 34 1.584* 10.1 0994 | 0.562

2-naphthol 42 1.301? 34 0.782} 0.243

9-phenanthrol 44 1.090* 1.7 1.166* | 0.573

pyrene 47 1478 | 51 1147 | 0563

fluoranthene 5.8 1.436 6.5 0.941 0.390

2,3-benzofluorene 6.1 0.850 83 0.638 0.320
9-hydroxyfluorene 6.7 1.454 5.8 1.083* | 0.550

. carbazole 8.7 0917} 7.6 0.634% | 0.389
N chrysene 9.7 0.857 92 0.647 0.345
phenanthrene 9.0 0.775 22.2 0419 0.225

% Absolute value.' Superscript } indicates that coronene was the reference; the remaining refer to
HCBZ.

Table 2.- Fitting of ELSD response vs sample load for three studied PACs.

2-hydroxycarbazole coronene chrysene
Linear regreésian
A slope 1.542 1.537 0.994
intercept -6.887 -10.07 -3.66
T 0.9995 _ 0.9923 0.999
eror %' at 5 pg 17.0? 140.2 749
Logarithmic regression
b 1.291 1.474 1.344
a -0.340 -06677 -0.5897
T 0.9984 0.9999 0.9963
) error %' at 5 g 292 0.04 -10.5
1 ! Error % between the corresponding experimental value and that predicted from the corresponding

fitting curve. 2 In these cases, error % at § pg.
HE
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ABSTRACT

This work presents energetics for high pressure hydroprocessing reactions derived from post
analyses of liquid and gaseous products. Specifically, GC and GC/MS were used to follow the
product distribution from the hydrocracking of methyldecalins over zeolite supported palladium and
platinum catalysts as a function of temperature. Plain Arrhenius plots summarize key results and
reveal possible connections in terms of 'activation energies' between hydrogen consumption and the
amounts of different products. The total cycloalkane production and the consumption of hydrogen
both show a simple temperature dependence with the same "activation’ energies. Methane production
varies more rapidly with temperature but can still be described by a single exponential term. The
final example, conversion to aromatics, displays a more complicated dependence with an accelerated
yield at high temperature. This form of data analyses connects to a new routine for mass balance
evaluations and it is now applied to model catalyst performance and to understand optimum reaction
conditions. Other branches of this project include surface spectroscopic measurements of fresh,
sulfided and used catalysts, characterization of partially hydrogenated naphthalenes and modeling
of hydrogen activity at metal sulfides.

INTRODUCTION

The present work is twofold motivated. The overall project goal is to find optimum conditions for
atwo-stage conversion of polyaromatic feeds, modelled by 1-methylnaphthalene (1-MeNapht), to
fuels [1. The first step, hydrogenation to methyldecalins (MeDecs) is addressed elsewhere [2].
Within the above engineering framework several scientific challenges constitute a second
motivation. One challenge is to improve mass-balance evaluations [3}, another to identify surface
intermediates by a combination of spectroscopic tools and quantum chernical calculations (4], and
yet a third to derive energetics from product analyses. The present work addresses the third topic.

Conversion, product distribution and potential for commercialization were recently demonstrated
for an optimized two-stage operation with an initial hydrogenation stage of 1-MeNapht to MeDecs
over NiMo/Ti0,-Al,0, and a second hydrocracking stage of MeDecs over Pd/Faujasite [5]. This
work was extended with weight change measurements and physico-chemical characterization of
surface sulfides formed by pretreatment in H,8/H; and of carbonaceous residues formed during
operation {6,7]. The extension represents an additional improvement over previous schemes for
mass-balance evaluations based solely on analyses of liquid and gaseous phases.

MATERIALS AND METHODS

The catalysts were either prepared with surface impregnation techniques from agueous solutions
followed by calcination in air and sulfidation in H,S/H, (400°C, 2h) or, for ion exchanged
Faujusites, used as received from the manufacturer [5]. 1- MeNapht (98% Aldrich) was used as
received for the first reaction stage. The feed for the second stage, MeDecs, was synthesized with
better than 95% selectivity [2]. The catalysts and feed were mixed (1:4 to 1:10) in a stirred batch
autoclave, operated either as a closed or an open system under hydrogen (700-1500 psi). The liquid
product was weighed and analyzed by GC/MS. The composition of the gaseous product was
analyzed by GC. The mass of hydrocarbon gases was derived from the pressure change (closed
systems) or from the volume of the gas product. The hydrogen amount was calculated from the
pressure change before and after reaction (closed systems) or from the change in H:C ratio from feed
to product (closed and open systems).

RESULTS AND DISCUSSION

The prime result is a novel compilation of performance data for a series of two-stage reactions of
1-methylnaphthalene conversion to gasoline components using different catalysts. These data clearly
show the conversion and potential for an industrial process and the ratio between gaseous and liquid
products [1,5].
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The scientific results are exemplified by two figures showing the evolution of products as a function
of temperature over Pt (Fig.1) and Pd (Fig.2) ion-exchanged Faujasites.

Figs.1 shows that the hydrogen consumption and the total production of cycloalkanes over
Pt/Faujasite are well described by a single Arrhenius term with the same apparent activation energy,
30 kJ/mol. Methane production is again well described by a single exponential term but with a
considerably larger 'activation energy' 150 kJ/mol. The conversion to aromatics displays a more
complicated volcano shape vs. temperature and it is not meaningful to derive a single slope over the
entire temperature range.

Ny

Hydrocracking of MeDecs over Pd/Faujasite (Fig.2) shows a similar behavior with the following
activation energies': hydrogen consumption 29 kJ/mol, total cycloalkane production 27 kJ/mol and
methane production 130 kl/mol. Aromatics production again shows a more complex temperature
dependence.

The simple temperature dependence of hydrogen consumption and cycloalkane production motivates
the search for a simple reaction mechanism involving both functionalities. The apparent ‘activation
energy' is too low to be translated directly to a certain bond activation process and its origin from
possibly counteracting enthalpy and entropy terms is not clear.

The mechanism is different for methane production with an 'activation energy’ of 130-150 kJ/mol.
This branch of hydrocracking resembles the hydrogenation of surface carbon in Fisher-Tropsch
catalysis.

The separate temperature dependence of the aromatics production shows that these compounds are
formed neither along the same route as methane nor the cycloalkanes. A bell curve is often the result
of competing processes, in our case the onset of dehydrogenation and/or cleavage reactions.

CONCLUSIONS .
Quantitative analyses of liquid products and off-gases from autoclave studies of hydrocracking of
methyldecalins over Pd/Faujasite and Pt/Faujasite catalysts are presented. The data shows that the
mechanism for cycloalkane production is closely related to the hydrogen activity i.e. most likely to
the generation of adsorbed atomic hydrogen. 1t also shows that the route for methane production is
separate from this mechanism as well as from the path leading to aromatic compounds.
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Figure 1.

Hydrocracking of Methyldecalins over Pt/Faujasite. 700 psi. 1h. 10:1 Feed to Catalyst Ratio.
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INTRODUCTION

The majority of waste plastics today is either incinerated or buried for landfills.
However, incineration of waste plastics can cause damages in furnace and air pollution
problems. Shortage of available landfill sites also has become a serious concern. The
methods of waste plastic recycling therefore have been paid much attention with the
viewpoint of effective environmental protection. Liquefaction of waste plastics is an
attractive recycling method in terms of producing fuel oil or chemicals. To date, most of
the waste plastic liquefaction investigations have been limited to the areas not involving
the use of a solvent. Pilot-scaled plants, such as those in the Fuji Recycle Process in
Japan [1] and the VCC Process in Germany [2], have been operated for some time.
Although high conversion of waste plastics can be obtained at a temperature as low as
400 °C, problems such as wide molecular weight distribution in the produced oil and
high coking tendency have been encountered. Liquid-phase cracking of waste plastics
has the potential of overcoming these problems, yet few research has been reported on
the liquefaction behaviors for the liquid-phase cracking [3-5]). Polyethylene (PE) has
been regarded as one of the polymers difficult to liquefy,” while the cracking of
polystyrene (PS) is considered to proceed in a way different from that of PE. Hence,
we investigated the cracking of PS, PE, and their mixtures using solvents of different
hydrogen donation capability. Differences in the liquefaction behaviors between PS
and PE, influences of the solvent type, synergistic effects for the liquefaction of PS/PE
mixtures, and a property in the oil are presented in this paper.

EXPERIMENTAL

Pellet-sized high-density PE (Mitsui Petrochemicat Co.) and PS (Dai-Nippon Ink
Chemicals) of commercial grades were used. Reagent-grade tetralin (>97% purity) and
n-decane (>99% purity) (Tokyo Chemical Industry Co.) were used without further
purification. A total weight of 80 g of the plastic-solvent mixture was charged into a
300-mL autoclave reactor in each run. The wt./wt. ratio between the plastic and the
solvent was 1/3 or 1/0. For the liquefaction of plastic mixtures, the wt./wt. ratio of PS to
PE used was 3/1, 1/1, or 1/3. The reactor was charged with nitrogen to 40 kg/cm® (570
psig) at room temperature. The reaction was conducted at 440 °C for 60 min, with
constant stirring at 1000 rpm. The volume and the composition of the produced gases
were measured after reaction. The produced liquid, of which the weight was calculated
based on the assumption of no weight loss for light products at room temperature, was
distilled under a vacuum less than 1 torr. The recovered liquid, with the boiling point
range lower than 538 °C, was further analyzed with a GC—FID system equipped with a
capillary column. The oil yield was calculated with the following equation:

wt. (recovered liquid) — wt. (charged solvent)
wt. (charged plastic)

Oil yield, (wt./wt. basis) =

Concentrations of, mainly, benzene, toluene, and some alkylbenzenes and n-alkanes,
were measured by the FiD-GC analysis.

RESULTS AND DISCUSSION
Cracking of PS

The yields of products from PS cracking at 440 °C, with and without solvent
addition, are presented in Table 1. The results for corresponding solvent blank runs are
also included for comparison. In the absence of a solvent, the yields of gas, oil, and
residue were 0.3, 72.9, and 26.8%, respectively. Toluene, ethylbenzene, and cumene
were the main liquid products from PS. Benzene, styrene, and n-propylbenzene were
produced in relatively low quantities. We found that a much higher molar quantity of
toluene was produced than that of methane. This suggests that the majority of the
toluene may not come directly from the cracking of ethylbenzene.

When n-decane was used, the yields of gas, oil, and residue were 5.1, 83.8, and
11.1%, respectively. Under the reaction condition, n-decane was expected to be an
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inert solvent, because only a small amount of n-alkanes in C5-C9 range was produced
during the n-decane solvent blank run. Nevertheless, a slight increase in the total yield
of gas, which includes ethane, propane, and n-butane that can be converted from n-
decane, has been observed in the reaction with PS. The increased gas yield indicates
that the presence of PS may have enhanced the decomposition of n-decane slightly.
The higher oil yield, when compared to the case without the solvent addition, suggests
that the occurrence of condensation reactions may be decreased by a dilution effect
from n-decane solvent.

The highest oll yield of 95.8% was obtained when tetralin was the solvent. This
could be due to both the effects of solvent dilution and hydrogen donation from tetralin
solvent.

Cracking of PE
Table 2 shows the distribution of products from PE cracking at 440 °C. Without

the solvent addition, the yields of gas, oil, and residue were 1.7, 53.9, and 44.4%,
respectively. The characteristic distribution of n-alkanes in the produced oil indicates
that the decomposition of PE proceed by radical chain reactions {1]. Very low oil yields
of 1.6% and 0.8% were obtained for the cracking in n-decane and in tetralin,
respectively. The decreased conversion of PE with n-decane may be due to a
retardation effect resulting from solvent dilution to the induced cracking of PE. The
lowest conversion of PE, obtained in tetralin, suggests that the combined effects of
dilution and hydrogenation by tetralin may have further retarded the decomposition of
PE.

Cracking of PS/PE Mixtures

No solvent addition. Figure 1 shows the yields of toluene, ethylbenzene,
cumene, n-alkanes in C5-C9 range, and oil yield in the reaction without solvent
addition. At each PE fraction (as expressed by PE/PE+PS) in Figures 1-3) of 0.25,
0.50, and 0.75, the oil yield of the plastic mixtures was higher than that of each
comprising plastic. The fairly constant yield of toluene and the slight decreased yield of
ethylbenzene, as observed for the PE fractions from 0 to 0.50, suggests that cracking of
PS may have been enhanced by the mixing from PE. The total yield of n-alkanes in
C5-C9 range produced from PE was low but increased proportionally with the
increasing amount of PE in the feed mixtures. This indicates that the presence of PS
did not enhance the cracking of PE. Therefore, it is considerad that the enhanced
conversion of PS to oil could be mainly due to a dilution effect resulted from PE, similar
to that from n-decane to the cracking of PS, as discussed earlier.

n-Decane as the solvent. Figure 2 shows the effect of n-decane on the
distribution of products due to PE and PS mixing. The figure shows significant
synergistic effects for oil yields in the mixtures. The yields of toluene, ethylbenzene,
and cumene decrease almost linearly with the increased PE fraction in the feed
mixtures. The trend for the products implies that cracking of PS may not be significantly
enhanced by the presence of PE. The high synergistic effect for oil yield at the PE
fraction of 0.75 could be mainly due to the enhanced contribution from PE cracking
since the dilution effect from the solvent may be considered equal for all the fractions.
The yield of C5~C9 n-alkanes was fairly constant in the PE fraction ranges from 0 to
0.75. This indicates that the n-alkanes may be produced from the decomposition of n-
decane, PE, or the both.

Tetralin as the solvent. Figure 3 shows the effect of tetralin on the distribution
of products due to PE and PS mixing. The yields of oil and each light aromatic
compound from PS decreased monotonously with the increased PE fraction. The
results also show that the effects of tetralin for oil yield increases in the mixtures were
not as pronounced as in the aforementioned two cases. The nearly linear relationship
between the yields of each products at each PE fraction indicates that the synergistic
effects between PS and PE could be low in tetralin solvent. It may be a result of rapid

stabilization by hydrogen donation from tetralin to the radicals produced from PS
cracking.

CONCLUSIONS

. The use of solvents can play important roles in the liquefaction of plastics. For
the liquid-phase cracking of PS, it has been demonstrated that the oil yield can be
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increased by the minimization of condensation reactions. On the other hand, the oil
yield for PE cracking can be decreased as a result of retardation to radical chain
reactions, due to the dilution or hydrogen donation effect from the solvents.
Interactions between PS and PE also can be influenced by the solvents used. Liquid-
phase cracking shows a promising direction for the processing of waste plastics by
proper selection of reaction systems.
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Table 1. Yields of products from blank runs and from PS cracking at 440 °C

Reaction Environment: Tetralin n-Decane No Solvent

wi.% of PS Blank” 440°C Blank" 440 °C 440 °C

Gas 0.0 0.7 2.1 5.1 0.3
il 95.8 83.8 72.9
benzene ° 0.0 0.2 - 0.0 0.7 09
toluene 0.2 40.8 0.0 333 21.6
ethylbenzene 0.2 277 0.0 13.4 27.4
styrene 0.0 0.5 0.0 0.5 0.0
cumene 0.0 55 0.0 3.7 6.6
n-propylbenzene 0.0 1.5 0.0 1.6 1.3
total light aromatics ' 0.4 76.2 0.0 53.1 57.8
total C5-C9 n-alkanes 00 0.0 7.8 1.0 0.1
Residue 3.5 1.1 26.8

Note:1) data calculated on the basis of the initial weight of plastic

Table 2. Yields of products from PE cracking at 440 °C

Reaction Environment: Tetralin n-Decane No Solvent
wt.% of PE
Gas 0.1 0.8 1.7
0il 0.8 1.6 53.9
total C5~C9 n-alkanes 0.0 3.2 6.8
Residue 99.1 97.6 44.4
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CATALYTIC CRACKING OF POLYSTYRENE
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Introduction

Plastics have become the most produced materials in the United States since the mid
of 1970's. The significant increase in plastics production has resulted in a similar significant
increase in plastics disposal. Polystyrene is widely used in consumer product packaging
and to make disposable containers. About one billion pounds of polystyrene are used in
single-use disposable applications.

One approach to deal with plastic waste is to convert it into useful products, such
as fuel oil and chemicals!!?, by tertiary recycling methods. The development of effective
plastic waste recycling by catalytic cracking will require detailed knowledge of the
relationship between catalyst structure and cracking product distributions®7. In order to
compare the polymer cracking properties of different catalysts, it is preferable to examine
the effects of catalysts without complications due to reactions of primary cracking products
with polymer residue. Secondary reactions can be minimized by limiting the contact
between primary volatile products and the catalyst/polymer mixture. This can be
accomplished by maintaining high catalyst to polymer ratios and providing efficient and
rapid removal of volatile products. In this paper, the importance of catalyst acidity and
HZSM-5 channel structure on the volatile catalytic cracking product distributions derived
from polystyrene is assessed by comparing thermal analysis results obtained from samples
prepared by coating silica-alumina, HZSM-5 zeolite, and sulfated zirconia catalysts with
thin layers of polystyrene.

Experimental

Samples examined in this study were: high molecular weight polystyrene (HPS), low
molecular weight polystyrene (LPS), and polystyrenes coated on silica-alumina, HZSM-5,
and sulfated zirconia cracking catalysts (10-20% (wt/wt)). HPS and LPS were purchased
from Aldrich Chemical Company (Milwaukee, WI). The silica-alumina catalyst was
provided by Condea Chemie GmbH (Hamburg, Germany). The silica-alumina catalyst
contained 11.8% by weight alumina and had a surface area of 282m%/g. The HZSM-5
zeolite catalyst was obtained from Mobil Oil (Paulsboro, NJ) and was characterized by a
355 m%/g surface area and a 1.5% alumina content. The sulfated zirconia catalyst was
synthesized following procedures described previously. The sulfated zirconia catalyst had
a surface area of 157 m%/g and contained 9% by weight sulfate. Polystyrene-catalyst
samples were prepared by dissolving polystyrene in cyclohexane, adding catalyst, and then
rotoevaporating the mixture to remove solvent. The resulting polymer coated catalyst
samples were dried for several hours at 90°C. The apparatus used for pyrolysis-GC/MS and
TG-MS measurements have been described previously. Pyrolysis separations were achieved
by using a HP 5890 capillary GC with a DB-5 column (0.25 gm film thickness). The gas
chromatograph oven temperature program consisted of a 2 min isothermal period at -50
°C followed by a 10 °C/min ramp to 280 °C, and then another isothermal period at 280 °C
for 5 minutes. For TG-MS studies, samples were heated from 50 °C to 600 °C in He at
rates of 1, 10, 25, and 50 °C/min. For TG-GC/MS studies, a Valco Instruments, Inc.
(Houston, TX) heated eight external volume sample injector was employed to divert small
volumes (ca. 20 uL} of TG effluent into a 30 m DB-5 capillary column (0.25 gm film
thickness) for GC/MS analysis. A 5 °C/min heating rate from 50 °C to 600 °C in 20
mL/min He was used to heat samples in the thermogravimetric analyzer. When samples
reached 100 °C, TG effluent was sampled. Above 100 °C, TG effluent sampling was
repeated at 3 min intervals during TG-GC/MS analysis. A 5 mL/min He carrier gas flow
rate through the TG-GC/MS chromatographic column was employed and the column
temperature was maintained at 100 °C during separations. TG-GC/MS column effluent was
split prior to entering the mass spectrometer to maintain an ion source pressure of 5 x 10"
torr.
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Results and Discussion

Pyrolysis-GC/MS results obtained for polymers and polymer-catalyst samples

pyrolyzed at 400°C were compared to investigate the effects of different catalysts and initial
polymer molecular weight on cracking product distributions. Tables 1 and 2 contain the
volatile product distributions derived from chromatograms for neat polymers and polymer-
catalyst samples. Thermal degradation of neat polystyrene samples produced primarily
styrene monomer along with substantial amounts of dimer and trimer. By examining the
volatile product distributions for high molecular weight polystyrene (HPS) and low
molecular weight polystyrene (LPS), it was found that the relative yield of trimer was
about three times that of the dimer and the relative yield of styrene was greater for the
HPS sample than for the LPS sample. However, in the presence of catalysts, the most
abundant volatile product was benzene, and very little styrene was detected. Benzene
comprised about 30% of the volatile material produced from the polymer-Si/Al and
polymer-ZrO,/SO, samples, and over 50% from the polymer-HZSM-5 zeolite samples.
Other volatile products detected from the polymer-catalyst samples with relative yields over
1% included: alkyl benzenes, indanes, indenes, and naphthalenes. For both LPS and HPS
samples, the relative yields of alkyl benzenes were greatest for samples containing Si/Al
and ZrQ,/S0Q, catalysts, whereas polymer-HZSM-5 samples produced fewer alkyl benzenes
but significantly larger quantities of indenes.

TG-MS was employed to correlate the evolution of volatile thermal decomposition
products with sample weight loss and to calculate volatilization activation energies.
Weight loss curves obtained by heating samples at 10 °C/min in He are shown in Figures
1 and 2. Compared to neat polymer thermal decompositions, all three catalysts lowered
the temperature at which significant sample weight loss occurred. The catalytic effect was
greatest for the samples containing the ZrO,/SO, catalyst. By examining the weight loss
curves, it was found that, for the same catalysts, the weight loss onset temperature was
lower for the LPS polymer than for the HPS polymer. The polymer-ZrO,/SO, samples
exhibited two distinct steps in their weight loss curves. TG effluent mass spectra indicated
that the low temperature weight loss step was caused by polystyrene decomposition. The
high temperature step resulted from catalyst decomposition and corresponded to SO,
evolution. :

Neat polymer and polymer-catalyst samples were subjected to TG-MS analysis in He
with heating rates of 1, 10, 25, and 50 °C/min to investigate the effects of catalysts on
volatilization activation energies calculated by using the Friedman method. The activation
energy for the neat HPS polymer was slightly higher than that for the neat LPS polymer.
For samples containing the same catalyst, those containing the LPS polymer exhibited a
lower volatilization activation energy than those containing the HPS polymer. The lowest
volatilization activation energies were calculated for samples containing ZrQ,/SO, catalyst.

Mass spectra obtained during TG-MS analyses could not be used to profile the
temperature dependent evolutions of the primary thermal decomposition products because
species specific ions could not be identified. By placing a gas chromatograph between the
thermogravimetric analyzer and mass spectrometer, it was possible to separate the primary
volatile products generated in the thermogravimetric analyzer prior to mass analysis.
Figures 3 and 4 contain plots of TG-GC/MS chromatographic peak areas (integrated total
ion current) as a function of sample temperature for selected products. For all samples
analyzed, benzene was by far the most abundant volatile product. All of the polymer-
catalyst samples produced alkyl benzenes and indanes, however samples containing HZSM-
5 catalyst produced significantly less than the other samples. Styrene and indenes were
only detected from samples containing HZSM-5 catalyst.

Formation of the primary polystyrene catalytic cracking volatile products can be
explained by consequences of initial electrophilic attack on polymer aromatic rings by
protons. Most of the products detected by pyrolysis-GC/MS and TG-GC/MS can be derived
from ortho ring protonation. The initial step in polystyrene cracking is protonation of
polymer aromatic rings. Ortho protonation can easily lead to benzene evolution and the
formation of a secondary macro cation, or may result in chain shortening, yielding a chain
end cation and a saturated chain end.
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After protonation of chain end aromatic rings, 8-scission can yield alkyl benzenes.
Beta-scission and rearrangement of chain end cations can lead to chain unsaturation or the
formation of styrene and indenes. Cyclization of the secondary macro cations can lead to
the formation of indanes, or after rearrangements and 8-scission of macro cations, chain
unsaturation can be formed. Also, macro cations can undergo hydride abstraction leading
to the formation of saturated chain segments. A consequence of chain unsaturation might
be the formation of conjugated polyene segments that may subsequently cyclize to form
naphthalenes.

Conclusions

Effects of different catalysts and initial molecular weights of polystyrene on catalytic
cracking product distributions were studied. Benzene was produced by polystyrene
cartalytic cracking at temperatures as low as 130 °C for LPS-ZrO,/SO, samples. This
suggests that low temperature benzene evolution may result primarily from chain ends,
which would be more abundant for the LPS polymer than for the HPS polymer. Chain end
aromatic rings should be somewhat more susceptible to electrophilic attack because
electron release from the polymer backbone into these rings should be slightly greater than
for other aromatic rings in the polymer. Because the samples containing the LPS polymer
had more chain ends than the HPS polymer, low temperature reaction rates for the LPS
polymer would be consistently higher than for the HPS polymer, which would lead to the
observed higher benzene evolution rates at low temperature for samples containing the LPS
polymer. Benzene can be easily formed after aromatic ring protonation, but that formation
of other volatile products is more difficult and may require additional reactions, such as
macro cation rearrangement, hydride abstraction, or successive protonations.
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Table 1. LPS Decomposition Products at 400°C

Neat LPS

LPS-S/Al

LPS-70,/50,

3

N

3

10

41

n

Table 2. HPS Decomposition Products at 400°C

Neat HPS

HPS-Si/Al

HPS-Z10,/SO,4

HPS-HZSM-S

33

L N Y]

naphthalene

2-inethyl naphthalene

1-methyt naphthalene

Table 3. Volatilization Activation Energies (keal/mol)

Catalyst

LPS

HPS

464 + 12

485+ 0.8

Si-Al

338+ 05

38.6 + 05

Z0,/50,

24429

28919

HZSM-S

346+ 05

360+ 1.3
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INFLUENCE OF METAL OXIDE MODIFICATION OF ALUMINA
ON THE DISPERSION AND ACTIVITY OF VANADIA CATALYSTS

L. Jhansi Lakshmi and Elmer C. Alyea

Department of Chemistry and Biochemistry
University of Guelph, ON NI1G 2W1

and
S.T. Srinivas, P.S. Sai Prasad and P. Kanta Rao

Physical and Inorganic Chemistry Division
Indian Institute of Chemical Technology
Hyderabad-5000 007, A.P., India

Alumina was modified with 10% MO, (MO, = TiO,, ZrO,, La,O, or MgO) prior to its
impregnation with 12 wt% vanadia. The catalysts were characterised by x-ray diffraction
(XRD), electron spin resonance (ESR) and oxygen chemisorption. The activities of the catalysts
were determined by methanol partial oxidation and their acid-base properties were evaluated for
the decomposition of isopropanol. Metal oxide modification is found to influence significantly
the surface coverage and the methanol partial oxidation activity of vanadia supported on alumina.
With proper MO, modification enhanced reducibility of vanadia could be attained, which in turn
makes the partial oxidation more facile.

Keywords: modified alumina, vanadia, partial oxidation
INTRODUCTION

Vanadia supported on high surface area carriers like AL,O;, Si0O,, etc., has been widely studied
for catalyzing a great variety of reactions such as partial oxidation, selective catalytic reduction
of NO, and oxidative dehydrogenation of light alkanes [1-5]. The oxides like TiO, and ZrO,
when employed as supports for partial oxidation and hydroprocessing catalysts, were found to
exhibit enhanced activities and selectivities in comparison with Al,O;-supported catalysts [2,6].
The disadvantages with these carriers are their low surface area, high surface acidity, low
volume activity and phase transition at high temperatures making them unsuitable for industrial
applications. By adding small quantities of these oxides to relatively high surface area,
thermally stable supports such as alumina the aforesaid problems can be obviated. Recently
there are reports in the literature [7-11] on the support modification with additives like
alkali/alkaline earth metals, halides, rare earth oxides, phosphates and sulphates, which enhance
the acidic or basic character or impart thermal stability to the carrier. Shen et al. [7,8] in their
investigations on Al,O, support modification with additives such as K,0, MgO, La,0s, SnO, etc.
have observed that these oxides influence the number and nature of acid sites on alumina support
surface. Wei et al. [12] have observed increased reducibility of molybdena and higher
hydrodesulphurisation activity on titania modified y-Al,O, supported hydroprocessing catalysts.
Support modification is said to influence the nature of active sites by way of increasing the
reducibility of the transition metal oxide resulting in enhanced activity and selectivity of the
catalysts. However, the influence of support modification on the redox and acid-base properties
of V,04/Al,05 is not yet thoroughly understood.

The aim of the present investigation is to elucidate the role of modification of the Al,O, support
with TiO,, ZrO,, La,0O; or MgO on the dispersion and methanol partial oxidation activity of
vanadia catalysts.

EXPERIMENTAL

Four different modified supports, namely, TiAl, ZrAl, LaAl and MgAl were prepared by
impregnating the y-Al,O; (Harshaw, Gammma phase, S.A. 196 m%g) support with 10 wt. % each
of MO,, (MO, = TiO,, ZrO,, La,0,, MgO). The precursors used were Fluka A.R. grade
(C12H,50,)Ti and (C,Hp0,)Zr for TiO, and ZrO, respectively; and Loba Chemie, A.R. grade
Mg(NO;),, 6H,0 and La(NQy),, 6H,0 for MgO and La,0,, respectively. The organometallic
precursors of titania and zirconia were dissolved in methanol prior to impregnation on ALO,.
Lanthanum and magnesium hydroxides were precipitated by ammonia hydrolysis of their aqueous
nitrate solutions. The excess solutions were evaporated to dryness on a water bath and the
catalyst masses were further dried in an air oven at 110°C for 12 h. The modified supports
were calcined at 550°C for 5 h. VMALI catalysts (M = Ti, Zr, La, Mg) were synthesized by
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impregnation of aqueous solution containing a calculated amount of NH,VO; (Fluka, A.R.
grade), corresponding to 12 wt.% V,0s, on modified supports. Drying and calcination
procedures were similar to those described above. Following the same procedure a 12 wt. %
V,05/Al,0,(V Al) was prepared as a reference.

XRD patterns were recorded on a Phillips PW 1051 diffractometer using Ni filtered CuK,
radiation. ESR spectra were recorded on a Bruker ER 200 D SRC X band spectrometer with
100 KHz modulation at ambient temperature. An all-glass high vacuum apparatus with a
facility to reduce (at 500°C, in a flow of H,) the samples in situ was used to carry out the low
temperature (-78°C) oxygen chemisorption experiments. The details of the experimental
procedure are described elsewhere [10]. BET surface area of the catalysts were determined by
N, physisorption.

Activity studies for the partial oxidation of methanol were carried out in the temperature range
175-250°C taking 200 mg of the catalyst (0.5 mm size) packed in a fixed bed tubular glass
reactor of 6 mm i.d. Purified air at a flow rate of 60 ml/min, saturated with methano! (by
passing through a saturator maintained at 25°C), was introduced into the reactor. After a
steady-state period of 30 min the products were analyzed on-line with a 10% Carbowax 20 M
column (2 m long) using a flame ionization detector. The product stream comprised mainly
formaldehyde, dimethyl ether with some traces of methyl formate, CO and CO,. Oxidative
decomposition of isopropanol was carried out in the same reactor under similar reaction and
analysis conditions at a constant temperature of 175°C and at atmospheric pressure, using about
200 mg of catalyst: The products observed consisted mainly of propene and acetone with traces
of diisopropyl ether.

RESULTS AND DISCUSSION

BET surface area, oxygen uptake, active site density and surface coverage values are shown in
Table |. It can be seen that the surface areas of the vanadia catalysts supported on MO,
modified alumina (VMALI) are significantly lower than vanadia on unmodified alumina (VAL),
which in turn, is lower than the alumina support itself. This observation is expected due to the
blockage of pores in the alumina as a result of the addition of the metal oxide as well as the
active component. Oxygen uptakes of the VMAI catalysts are more when compared to the VAI
catalyst except in the case of VMgAl. Among the four catalysts VTiAl is showing the highest
oxygen uptake which may be due to a greater number of reducible vanadia sites. Both active
site density and the surface coverage are high in VTiAl indicating that the V,Os is highly
dispersed on the TiO, modified Al,O, support. Generally the strength of interaction between
the support and the active component governs the dispersion and hence oxygen uptake capacity
[13]. The increased oxygen uptakes of VTiAl, VZrAl and VLaAl catalysts may be due to
reduced strength of metal oxide-support interaction. Modification of alumina might have caused
a decrease in interaction between the support and active phase enabling increased reducibility
of V,0s. Similar observations were made by Wei et al. in molybdena based hydroprocessing
catalysts supported on TiO, modified Al,0, [12].

The XRD patterns of the VAl and VMAI catalysts show that there are no lines corresponding
to crystalline vanadia in all the catalysts. Vanadia may be existing as a highly dispersed phase.
However, the presence of microcrystalline particles with size less than 40 A cannot be ruled out.
The modified supports exhibited the peaks corresponding to their respective oxides with low
intensities. The anatase phase of TiO, was observed in TiAl and lines corresponding to
tetragonal and monoclinic phases of ZrO, were observed in ZrAl. LaAl and MgAl were x-ray
amorphous.

Fig. I shows the ESR spectra of various catalysts recorded at ambient temperature. Clear
hyperfine splitting (hfs) corresponding to V** can be seen in VTiAl and VZrAl indicating the
isolation of vanadia species on the surface of the support. This is a significant observation since
the hfs of vanadia species vanadia supported on unmodified AL,O; has been reported to be
recorded only at liquid nitrogen temperature [14]. The observance of hyperfine interaction only
at -196°C implies that it is destroyed by spin-spin interaction at higher temperatures between
neighboring V** ions. The resolution of peaks is not so discrete in the cases of VLaAl and
VMgAl indicating possible agglomerisation of V** ions leading to dipolar broadening.

The conversions and selectivities towards formaldehyde and dimethylether on various catalysts
in partial oxidation of methanol (carried out at a reaction temperature of 200°C) are plotted in
Fig. 2. The activities of VMAI catalysts are in the order VTiAl>VZrAl> VLaAl>VMgAl
The O, uptakes of the catalysts also varied in a similar manner indicating that the active sites
titrated by oxygen molecules are responsible for the observed activities of the catalysts. Active
sites are the vacancies created by removal of labile oxygen atoms (by reduction) upon which the
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dissociative chemisorption of oxygen takes place. Selectivity towards the dehydrogenation
product, HCHO, has been improved over the VAI catalyst.

Deo and Wachs [2] in their investigation on partial oxidation activity on supported vanadia

_catalysts have reported that instead of the weakening of the V=0 bond, it is the weakening of
the vandium-oxygen-support bridging bond that is responsible for the activity. Our results
indicate that the increased oxygen uptake capacities of vanadia on TiO,, ZrO, and La,0,
modified alumina catalysts are a consequence of reduced strength of metal-support interaction.
Interaction of V,05 with MgO appears to be stronger compared to the oxide support interaction
in the cases of VAl and the other VMAI catalysts, which leads to reduced oxygen uptake and
hence the partial oxidation activity.

Supported vanadia catalysts exhibit bifunctional character since they posses both acid-base and
redox sites. The influence of MO, modification on the acid-base properties of the catalysts have
been examined by the isopropanol decomposition reaction. The results are incorporated in Table
1. Relatively higher decomposition rates have been obtained on VTiAl, VZrAl and VLaAl
compared to VAl catalyst. But, when compared to VAI, the acetone selectivities of the above
three catalysts have decreased by 15-25%. However, the sustained predominance of selectivity
to acetone over selectivity to propylene indicates that in these catalysts the redox property is
more dominant than their acid-base character. However, in the case of VMgAl the lower
decomposition activity associated with maximum dehydrogenation selectivity could be mainly
due to the generation of acid-base paired sites which act in a concerted manner as proposed by
Bond et al. {15]. Low oxygen uptake, a consequence of low reducibility, further supports this
observation. :

Hence, it may be concluded that by choosing a suitable MO, for the modification of y-alumina,
the desired redox property could be achieved which enhances the partial oxidation activity of the
vanadia catalyst.
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Table 1: Physico-chemical properties and the product distribution during the IPA
decomposition on vanadia catalysts.

Catalyst Surface O, uptake  Surface Active 1PA Acetone  Propylene
area uptake coverage  site conv.  sel. sel.
(m¥g)  (umol/g) (%) density (%) (%) (%)

(nm?)

1. VAl 168 56 9.9 0.40 7 100 -

2. VTiAl 122 133 32.3 1.21 23 74 26

3. VZrAl 129 89 20.4 0.83 19 83 17

4. VLaAl 153 58 10.8 0.44 12 98 2

5. VMgAl 115 22 5.7 0.28 4 99 1

! Surface coverage is defined as 100x active surface area/BET SA of reduced catalyst,
2 Active site density is the number of ‘O’ atoms chemisorbed per unit area of catalyst.
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Figure 2. Methanol partial oxidation activity and selectivities on VAl and VMAL catalysts.
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LIQUIDIZATION OF DEWATERED ORGANIC SLUDGE
AND ANAEROBIC TREATMENT
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ABSTRACT

Dewatered sewage sludge was thermochemically liquidized at 175 °C and the
liquidized sludge was separated by centrifugation to 58% (w/w) supernatant and 42%
precipitate. The amount of proteins in the liquidized sludge slightly decreased through
the liquidization process, however, that of lipids increased. The supernatant separated
from the sludge liquidized with dewatered sewage sludge was successfully
anaerobically digested. Biogas yield from the supernatant from dewatered sewage
sludge at organic loading concentrations of 1.9-2.2 g VS// during 9 days’ incubation
was 440 m//g-added VS and digestion ratio was 66% (w/w). Biogas yield in the case
of dewatered sewage sludge was 257 m//g-added VS and digestion ratio was 45%.
Similar results were obtained in the case of the anaerobically digested with sewage
sludge and dewatered sludge. Anaerobic digestion of the supernatants from the
liquidized sludges resulted in high biogas productivity and high digestion ratio
compared with these of the original sludges. Moreover, the precipitates contained
lower moisture, therefore, they can be incinerated easier than the respective original
sludges.

INTRODUCTION

Treatments of sewage sludge and anaerobically digested sludge have been
important environmental .issues to resolve. Anaerobic digestion of sewage sludge is
commonly used for treatment of sewage sludge and energy is recovered in the form of
methane (Fannin et al., 1983). A thermal pretreatment system for anaerobic digestion
of concentrated sewage sludge with 2-3% volatile solid (VS) has been studied to
improve anaerobic digestibility and dewatering properties (Haug, 1977; Haug et al.,
1978; Haug et al., 1983; Hiraoka et al., 1984). The volume of concentrated sewage
sludge for thermal pretreatment is huge, and therefore this process consumes a large
amount of energy. i

Dewatered sludges (VS of 12%) are clay like solids and are therefore not suitable
for anaerobic digestion. An attempt at liquidization of dewatered sewage sludge by a
thermochemical process was conducted (Dote et al., 1993; Sawayama et al., 1995).
The volume of dewatered sewage sludge decreased markedly from that of
concentrated sewage sludge (VS of 2-3%), suggesting that heat treatment of
dewatered sewage sludge would require less energy than in the case of concentrated
sewage sludge. As for anaerobically digested sludge, thermochemical liquidization
can possibly improve anaerobic re-digestibility and the dewatering properties.

This paper deals with the thermochemical liquidization of dewatered sewage
sludge and anaerobically digested and dewatered sludge, and the batch anaerobic
digestion of the supernatants separated from the liquidized sludges.

METHODS

Liquidization of sludge

Dewatered sewage sludge, and anaerobically digested and dewatered sludge
used in the experiment were obtained from an aerobic sewage treatment facility for
domestic sewage in Ibaraki prefecture, Japan. The liquidization of the dewatered
sludges were conducted as previously demonstrated (Dote et al., 1993). After purging
with nitrogen gas, the dewatered sludge was heated at 175°C in an electric furnace
and held at 175°C for 1 h in a 1 / autoclave (4 MPa). The liquidized sludge was
separated by centrifugation (1000 g, 10 min) to supernatant and precipitate.

Anaerobic. digestion

Seed sludge for batch anaerobic digestion was obtained from the sewage sludge
treatment facility in Ibaraki prefecture, Japan. Two liters of the seed sludge (VS
concentration: approximately 1 %, w/w) was incubated in a 2 / conical flask at 35°C. A
sample was added to the seed sludge at 1.6-2.2 g-VS// and air in the digester was
purged with nitrogen gas. Samples for anaerobic digestion included the original
sludges (dewatered sewage sludge, and anaerobically digested and dewatered
sludge), liquidized sludges and separated supernatants. The gas production yield
from the digester was monitored by displacement of saturated sodium chloride
solution.
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Analyses of sludges and gas

Moisture content was determined by heating the sampie at 105°C for 24 h before
weighing, and VS and ash content were determined by heating at 600°C for 1 h.
Digestion ratio was expressed as the ratio of the amount of VS decrease during 9 or 8
days’ digestion to the amount of VS added.

The Kjeldahl-nitrogen method was used for protein analysis. After extraction, a
gravimetric method was used for determination of lipids. The Somogyi method was
used for carbohydrate analysis.

High heating value (HQ, MJ/kg) for VS of sludges is calcutated using to Dulong’s
formula (Selvig & Gibson, 1945):

HQ=0.3383xC+1.442(H-0/8)

where C, H and O are weight percentages of carbon, hydrogen and oxygen,
respectively. Low heating value (LQ, MJ/kg) is calculated using the following equation:

LQ=HQxV-0.0251x(SxH+M)

where Vs the ratio of volatile solid and M is the weight percentage of moisture.

The biogas composition was determined by gas chromatography. The digestion
ratio was expressed as the ratio of decreased VS during 9 or 8 days of digestion
versus added VS.

RESULTS AND DISCUSSION

Liquidization

Procedures of liquidization and anaerobic treatment for sewage sludge are shown
in Fig. 1, and those of liquidization and anaerobic re-treatment for anaerobically
digested and dewatered sludge are shown in Fig. 2. Dewatered sewage sludge
(moisture, 84%, w/w; VS, 12%, w/w), and anaerobically digested and dewatered
sludge (moisture; 84%, w/w, VS; 11%, w/w) were successfully liquidized by
thermochemical reaction at 175°C with holding time of 1h. The protein content (33 %)
in the sewage sludge was higher than that (28%) in the liquidized sludge. On the
other hand, the lipid content (14%) in the liquidized sludge from the sewage sludge
was approximately two times higher than that (7%) in the sewage sludge. It was
reported that volatile acids would be produced through thermal treatment (170-230 °C)
of sewage sludge (Fisher & Swanwick, 1971). These results suggest that proteins
were converted to lipids through the liquidization process.

The liquidized sludge from the dewatered sewage sludge was separated by
centrifugation to supernatant (58%, w/w) and precipitate (42%, w/w), and that from the
anaerobically digested and dewatered sludge was separated to supernatant (46%,
w/w) and precipitate (54%, w/w). The moisture content of the precipitates decreased
from the both original sludges through centrifugation, therefore, thermal liquidization of
organic sludges was considered to be a pretreatment for dewatering.

Anaerobic digestion

The supernatant separated from the sludge liquidized with the dewatered sewage
sludge was successfully anaerobically digested. The digestion ratio (66%) of the
supernatant was higher than that of the original sewage sludge (45%) after 9 days of
incubation. The total biogas yield from the supernatant during 9 days' incubation was
440 m/ /g-added VS (Fig. 3) and the total methane yield was 328 m/ /g-added VS. The
biogas productivity in the anaerobic treatment of the supernatant was improved by
thermochemical treatment compared with those of the original sewage sludge and the
liquidized sludge. There was no difference in methane contents of biogas (75-77%)
among those three anaerobic experiments.

The digestion ratio (61%) of the supernatant from the sludge liquidized with the
anaerobically digested and dewatered sludge was higher than that of the original
sludge (27%) after 8 days of incubation. The total biogas yield from the supernatant
after 8 days of incubation was 339 m//g-added VS (Fig. 3) and the total methane yield
was 253 m/ /g-added VS. The biogas conversion ratio of the supernatant based on
carbon was 36 %. The improvement in the digestion ratio of the anaerobically
digested sludge by thermal pretreatment was more apparent than that of the sewage
sludge. This effect was thought to be partly caused by degradation of the cell wall and
membrane and to be the same effect caused by the thermal treatment of sewage
sludge reported by Hauget al, 1978. :

Anaerobic treatment of the thermal treatment liquor (average COD; 6-10 g//) has
been studied (Pugh et al, 1987; Kimata et al., 1993). After this preliminary batch
experiment, application of the anaerobic digestion method with granular sludge such
as the UASB method could contribute to a faster digestion rate for the supernatant from
liquidized sludge.

Low heating values of precipitates
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The precipitate separated from the sludge fiquidized with the dewatered sewage
sludge was composed of 71% moisture, 19% VS and 10% ash. The precipitate
obtained by centrifugation of the sludge liquidized with the anaerobically digested and
dewatered sludge was composed of 76% moisture, 14% VS and 10% ash. This
thermochemical liquidization process improved the dewaterability of the dewatered
sludges. :

gThe calculated low heating value of the precipitate separated from the sludge
liquidized with the dewatered sewage sludge was 1.2 MJ/kg and that of the original
sludge was -1.0 MJ/kg. The calculated low heating value of the precipitate separated
from the sludge liquidized with the anaerobically digested and dewatered sludge was
-0.4 MJ/kg and that of the original sludge was -1.6 MJ/kg. The precipitates separated
from the liquidized sludges have higher heating values compared to those of the

original dewatered siudges which means that incineration of the precipitate could save-

energy by using less fuel. A more suitable dewatering method for liquidized sludges
would provide higher low heating values for their solid fractions.
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IGNITABILITY OF VARIOUS COALS AS MEASURED BY LASER IGNITION
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INTRODUCTION

We present a novel experiment designed to study the ignition and combustion of pulverized
fuels in a room-temperature gas environment. The absence of hot furnace walls surrounding
the test section allowed for optical detection of the reaction sequence. Our goals are to
determine, by direct observation, the ignition mechanism (heterogeneous or homogeneous
ignition) of a range of coals, and to quantify the differences in ignition reactivity between the
fuels.

EXPERIMENT

The experiment is similar to one described in detail elsewhere,' so only a brief description is
given here. Figure 1 presents a schematic of the laser ignition experiment; the inset shows the
details around the test section. Sieve-sized particles were dropped through a tube into a
laminar, upward-flow wind tunnel with a quartz test section (5 cm square cross-section). The
gas was not preheated. The gas flow rate was set so that the particles emerged from the feeder
tube, fell approximately 5 c¢m, then turned and traveled upward out of the tunnel. This
ensured that the particles were moving slowly downward at the ignition point, chosen to be 2
cm below the feeder-tube exit. A single pulse from a Nd:YAG laser was focused through the
test section, then defocused after exiting the test section, and two addition prisms folded the
beam back through the ignition point. Heating the particles from two sides in this manner
achieved more spatial uniformity and allowed for higher energy input than a single laser pass.
For nearly every case, two to five particles were contained in the volume formed by the two
intersecting beams, as determined by previous observation with high-speed video.”

The laser operated at 10 Hz and emitted a nearly collimated beam (6 mm diameter) in the
near-infrared (1.06 um wavelength). The laser pulse duration was ~100 ps and the pulse
energy was fixed at 830 m] per pulse, with pulse-to-pulse energy fluctuations of less than 3%.
The laser pulse energy delivered to the test section was varied by a polarizer placed after the
laser exit; variation from 150 to 750 m] was achieved by rotating the polarizer. Increases in
the laser pulse energy result in heating of the coal particles to higher temperatures. At the
ignition point the beam diameter normal to its propagation direction was ~3 mm on each
pass of the beam. An air-piston-driven laser gate (see Fig. 1) permitted the passage of a single
pulse to the test section. The system allowed for control of the delay time between the firing
of feeder and the passage of the laser pulse. Finally, ignition or nonignition was determined
by examining the signal generated by a high-speed silicon photodiode connected to a digiral
oscilloscope, as described elsewhere.’

We report here the ignition behavior of four coals ranging in rank from subbituminous to
medium-volatile bituminous. All samples were obtained from the Penn State University Coal
Sample Bank, and the reported proximate and ultimate analyses are shown in Table 1. The
coals were sieve-sized using a Ro-Tap shaker to -120/+140 mesh (106-125 pm diameter), and
dried at 70°C under vacuum for at least 12 hours prior to each day’s experiment.

RESULTS

Each day’s experiment was conducted as follows: After choosing the coal and oxygen
concentration to examine, the coal was loaded into the batch-wise feeder. The delay time
between the triggering of the feeder and the appearance of the coal batch at the feeder tube
exit was measured by visual observation in conjunction with a stop watch; typical values were
~2.9 5. The delay time was then programmed into the device which triggered the laser gate.
The gas flow rate needed to achieve a drop distance of ~5 cm for the coal batch was also
determined by visual observation. Finally, a laser pulse energy was chosen, and the
experiment commenced. At each set of operating conditions (coal type and size, oxygen
concentration, and laser energy), 20 attempts at ignition were made in order to measure the
ignition frequency, or probability, which is the parameter sought from these studies.
Mapping this ignition frequency over a range of laser pulse energy produces an ignition-
frequency distribution.
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Such a frequency distribution is shown in Fig, 2 for the Pittsburgh #8 coal. It can be seen that
at each oxygen concentration, ignition frequency increases monotonically over a range of
increasing laser pulse energy. Below this range the ignition frequency is zero, and higher
energies result in 100% ignition frequency. This behavior is due to the fact that, within any
coal sample, there exists a variation of reactivity among the particles.’ Thus, in this
experiment, in which a batch of perhaps several hundred particles of a sample is dropped into
the test section but only a few are heated by the laser pulse, there is an increasing probability
(or frequency) as the laser energy is increased that at least one of the heated particles is reactive
enough to ignite under the given conditions.

The repeated distributions under 100% oxygen, measured on separate days, show the excellent
repeatability of this experiment; the most important factor for reproducibility is the moisture
content of the sample.

Figure 2 also shows the effect of oxygen concentration: As oxygen level is decreased from
100% to 75%, and then to 50%, the frequency distribution shifts to higher laser energies or,
equivalently, higher particles temperatures, as expected. This is consistent with ignition
theory since at decreased oxygen levels, higher temperatures are necessary to achieve the
equality between heat generation by the particles (due to chemical reactions) and heat loss
from the particles. This equality is the minimum requirement for ignition, and is termed
‘critical ignition.” The shift in distribution can be viewed in two ways: First, for a fixed laser
pulse energy, a decrease in oxygen level leads to a decrease in the ignition frequency, all else
being the same; second, a decrease in oxygen implies that a higher laser pulse energy is needed,
in order to achieve the same ignition frequency.

Finally, it should be noted that for the Pittsburgh #8, the decreases in oxygen concentration
shift the distributions to higher laser energies in approximately equal increments (equal energy
ranges), and with little or no effect on the slope of the distributions. This finding is in
contrast to the results for the Sewell coal (Fig. 3).

Three major differences between the ignition behaviors of the Pittsburgh #8 and Sewell exist.
First, decreasing oxygen concentrations has a stronger effect in shifting the distributions of the
Sewell to higher laser pulse energies (or higher particle temperatures). Second, as oxygen level
is decreased, the slope of the distribution is undoubtedly decreased for the Sewell, while little
effect is observed for the Pittsburgh #8. Finally, a comparison of the distributions of the two
coals under 100% oxygen shows that the Sewell reaches 100% ignition frequency in a
significantly smaller range of laser energy (~ 150 m] versus ~250 m]).

The results for the two remaining coals — the Illinois #6 and the Wyodak — are shown in
Figs. 4 and 5. The two coals span similar ranges in going from 0 to 100% ignition frequency
(~350 m]), which are larger than both the Pittsburgh #8 or Sewell coals. Comparing the
results for these two coals, it is also observed that the ignition-frequency distributions of the
Illinois #6 are shifted to higher laser energies than the Wyodak, implying that the Illinois #6 is
a less reactive coal, at least with regard to ignition.

DISCUSSION

Over the past three decades, many experiments have examined the isgnition of pulverized coals
under conditions which simulate pulverized fuel-firing conditions.*”*”** The common factor
among these studies is the assumption of a single, average, kinetic rate-constant in describing
the ignition reactivity of each coal. As we have shown previously,” it is necessary to account
for the variation in reactivity among the particles within a sample in order to model the
ignition distribution observed in this and nearly all previous ignition studies. Once such a
model is implemented, the parameters may then be adjusted to fit the data and produce the
desired ignition rate constant and reaction order with respect to oxygen for each coal.

Our previous experience in modeling ignition distribution data’ provides some insight to
explain the results described earlier. The model details will not be described here, but it is
sufficient to note that the model accounts for particle-to-particle variations in reactivity by
having a single preexponential factor and a Gaussian distribution of activation energies among
the particles within a sample.

In light of this model, the differences in the range of laser energies over which the various
coals achieved 100% ignition frequency is a direct result of the breadth of the Gaussian
distribution of activation energies: A narrow distribution (small standard deviation) leads to a
small laser-energy range since most particles have similar activation energies and, thus,
reactivities. Indeed, in the limit that the standard deviation is zero (all particles have the same
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activation energy), the ignition-frequency distribution would become a step function.
Conversely, a broad distribution of reactivities leads to a relatively larger range of laser energy
needed to achieve 100% frequency, as is the case for the Pittsburgh #8 compared to the Sewell.
The fact that the Illinois #6 and Wyodak coals span a similar laser-energy range suggests that
the spread of their reactivity distributions are similar. However, since the ignition-frequency
distributions of the Illinois #6 are shifted to higher laser energies than the Wyodak, the
interpretation is that the reactivity distribution of the Illinois #6 has a lower average activation
energy, and therefore it is more reactive, as stated earlier.

Finally, with regard to the effect of oxygen concentration on the slope and shift of the
ignition-frequency distributions observed for the Pittsburgh #8 and Sewell coals, the model
interprets such differences to be the result of the variation in the reaction order with respect to
oxygen concentration. We are presently at work on modeling the results reported here, with
the goal of presenting kinetic rate parameters in the near future.
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Coal Prox. Analy. (dry wi%) Ultimate Analysis (dry, ash-free wt%)
Penn State Rank Vol. Ash o} H N S O (diff.)
ID Matter
Pittsburgh #8  low-volatile A 39.4 9.44 82.0 5.63 1.49 4.27 6.66
(DECS 23)  bituminous
Sewell  medium-volatile  25.0 4.22 88.2 4.95 1.50 0.65 4.71
(DECS 13)  bituminous
Illinois #6 * high-volatile C 40.8 o134 76.3 5.30 1.32 6.38 10.74
(DECS24)  bituminous
Wyodak subbituminous B 44.9 7.57 75.5 6.11 1.02 0.47 16.92
(DECS 26)

Table 1: Ultimate and proximate analyses of coals used in this study.
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INTRODUCTION

Over 1600 people die each year [Miller, 1991} from fires started by smoking materials (cigarettes,
matches, etc.), and many times that number are hurt and/or disfigured; most of those fires are
established in upholstered fumiture. As a result, Congress passed the Cigarette Safety Act of
1984.  One of the tasks under the Act was to model mathematically the behavior of upholstered
fumiture and the cigarette, when a smoldering cigarette is dropped onto it. To do this, the
heating of the substrate when subjected to a moving heat source must first be accurately modeled,
and a criterion established for its ignition. In order to examine how changing one or more
properties of the cigarette will influence its ignition propensity, it is also necessary to understand
the behavior of a smoldering cigarette. This includes knowing how its extemal heat flux and
buming velocity depend upon its physical and/or chemical properties.

Considerable effort has been expended in the study of the buming cellulosic material such as
tobacco etc.. Egerton et al. [1963) studied the smoldering combustion in cigarettes. From the
data of various experiments, they explained several aspects of the mechanism of smoldering. A
theoretical and experimental investigation of the smoldering mechanism of a cylindrical celtulosic
rod was carmried out by Moussa et al. [1976). They proposed a simple steady-state, 1-
dimensional model of a buming cellulosic rod. Based on a postulated mechanism of smoldering,
Muramatsu et al. [1979] developed one-dimensional model of the pyrolysis/distillation zone.
Their model contains four general pyrolysis reactions, one distillation process and combined
conductive and radiative heat transfer from the combustion zone.

The purpose of this paper is to present the results of a study using numerical techniques to
compute the static bum rate, mass bum rate, heat flux and the amount of heat released in the
natural smoldering cigarette. The study was made on cigarettes containing flue-cured and burley
tobaccos since physical properties and kinetic data are readily available {Muramatsu et al. 1979].

MATHEMATICAL MODEL

A cigarette generally includes a filter attached to the end of the tobacco rod. The rod is a
packed column of approximately 1 g of shredded tobacco, generally 8 mm in diameter and 70 mm
long, wrapped in a thin porous paper. The shreds are nonuniformly packed in the tobacco rod
which contains about 70 - 85 % void space.

Smoldering is a non-flaming combustion mode, characterized by thermal degradation and charring
of the virgin tobacco, evolution of smoke, and emission of a visible glow. The temperature in
the buming zone increases to the ignition temperature, and the temperature gradients are directly
correlated to the basic processes which take place in the cigarette (i.e. distillation, pyrolysis, and
combustion) and affect the absolute density [Baker, 1979] of the rod in the burning zone.

During natural buming the oxygen transport to the surface is restricted and the peripheral region
with its large heat losses cannot maintain rapids surface oxidation. Muramatsu et al. have
developed a model of the evaporation-pyrolysis processes with the following assumptions:

1) The solid phase and the gas phase inside the buming tobacco are the same temperature.

2) Heat loss from the outer surface of the element is caused by free convection and radiation.

3) Heat transfer inside the cigarette column is caused by thermal conduction characterized by a
effective thermal conductivity.

Pyrolytic decomposition of tobacco can be expressed by the following simplified equation;
aA(s) --> bB(g) + cC(s)
The virgin tobacco and its water content are gradually consumed to form smoke, water vapor,
and a residual char with final density p.. In the steady state of combustion, the temperature is
raised by the heat transferred from the buming zone. The temperature distribution of the
tobacco column depends upon the thermal properties of the cigarette such as the effective thermal
conductivity, specific heat and thermal diffusivity. The total density of the buming tobacco is
given by

P, =p, +p . +p, )
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where p is density, and the subscripts ¢, v, ¢, and w stand for total, unreacted tobacco,
carbonaceous residue, and water, respectively. The conversion of virgin tobacco can be
expressed by

o iwl o
and then the individual Arrhenius forms:

. A
i _4 i vi _ 3
5 CXP( RT)[PEJ (e 3) /

and the char density is given by

%, _ 3% @

. P, dp, 4
—t=-= —_r ( )
o . O -
Epn' /
i=1
where superscript o is the initial state. The loss of tobacco moisture from a tobacco rod is
assumed to involve both the conversion of moisture to a water vapor as well as mass transfer of ’

the moisture out of the tobacco rod. The evaporation rate of the water from tobacco can be
expressed by the empirical equation,

(S exef 2 hw—w )
P (w)exp(T)(w w,) Q)] ,

- where w is water content in tobacco, S is surface area of a tobacco lamina, 8 and B are empirical
constants, and subscript eq is equilibrium state. The pyrolysis reaction of virgin tobacco in the
region where water evaporation takes place is slow, and can be considered to be negligible.
Thus

%. __ p(ﬁ) )P =Y pr
5 N oex T (w-w,.) -gx:p“. > 6)

where N, is total surface area of tobacco shreds per unit volume of a cigarette, d is experimental
constant, and w is related to the water vapor pressure, pw, by
P.

Pus
We = P » 7
7. )-77.)

The saturated vapor pressure of water, p.,, can be expressed by Calingart’s equation [Calingert
and Davis, 1925 as foliows;

Q)

1687
i =7991-——
ogp., o ®)

The mass balance equation for the water vapor pressure, pw, inside the tobacco rod is

3(&_)=i{p i(&]}——ﬂ(pw —pml]-gp—;zw— )

ot\RT) dz| “0z\RT ®r3RT T, ®m o
where the first term of left hand side is the net rate of accumulation of water vapor, the first term
of right hand side (rhs) is the rate of accumulation water vapor by diffusion, the second term of ¢
ths is the rate of loss of water vapor by diffusion through a cigarette paper of thickness, 5, and the
last tem is the rate of evaporation of water from the tobacco.

The heat balance equation for the element is given by

I(Hp, +Hp +Hp.) a( ar) o dp, 2
mr e el K=/ |+ 4+ Q= ~={WT-T)+oe (T*-T!
o o\ ‘d; o o Q. o r T -T)+ 0e ( M}
a0)
where the thermal conductivity, K., depends upon the void fraction, ¢ and the temperature, T.
K, =(1-¢""K, +¢.”’(1+%11,D‘P /KK, (1)
where h =5.422x10"%¢,1*
The cigarette weight after t time is;
M(1) = unr’Ip_(l.r,%maislure.....)dl 12)
[
The heat flux is then given by;
172
q=~[=[HT-T) +0e,(* - 1) jix (13 L
xyr \

and the initial and boundary conditions are;
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"‘D
I+w,
w, refers to the moisture content in the tobacco. The values of physical parameters used to
solve the simultaneous differential equations can be obtained elsewhere [Muramatsu et al., 1979].
Then, the set of simultaneous differential equations can be solved numerically by the LSODE.

M
Pov =7".p.,, =P P =000, = 0o —Puo

RESULTS AND DISCUSSIONS

In this section, we examine the factors affecting the static burn rate, the mass bum rate, heat flux
and the heat released at the boundary by convection and radiation. The results are expected to
provide a tool for understanding the mechanism of smoldering and controlling the physical
parameters in the design of cigarette.

The mass burn rate (MBR), static burn rate (SBR), heat flux and heat released shown in Table 1
as a function of cigarette moisture at constant circumference and initial density. The analysis
reveals that the SBR and MBR decrease with increased cigarette moisture content and are linear
functions within the range of 10 to 15 % moisture. Thus, increased moisture reduces the rate of
combustion due to the extra heat needed to vaporize water from the tobacco. The approximate
value of heat flux regardless of moisture content are 0.327 and 0.177 cal/cm? sec for burley and
flue-cured, respectively. The total heat released from the cigarette rod, neglecting the
contribution from the paper is a function of the moisture content of the rod. The calculated heat
released values at 12 % moisture are 1734 cal for burley and 1344 cal for flue-cured tobaccos.
These values agree well with the results of Muramatsu et al.[1979]. Therefore, an increase in
the tobacco moisture content causes a decrease in the static burn rate, but an increase in the total
heat released.

The packing density of the cigarette has an effect on the SBR and MBR. Table 2 shows the
typical smoldering speed calculated for a cigarette containg burley and flue-cured tobaccos and
indicate that increasing the density at constant moisture and circumference causes the SBR to
decrease. However, results show that the increase of the rod density appears to increase the
MBR only slighty.

Table 3 summarizes the effect of rod circumference on the SBR and MBR. The results show
that the MBR increase as circumference increases.

CONCLUSIONS

A mathematical model of the natural smoldering of cellulosic material is presented. The
following conclusions can be drawn;

1) A simple interpretation of the calculation is that the variations in tobacco moisture content,
rod densuty and circumferences can explain variations in SBR, MBR, heat flux and total heat
released.

2) The calculation illustrates that the circumference of the cigarette is the major physical factor
affecting MBR, while rod densuty strongly affects the SBR, heat flux, and heat released.

3) A quantitative relationship between these parameters and the MBR, SBR, and heat flux has
been developed. The results may be a useful predictive tool for use in cigarette design.
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Table 1.

Calculated values of moisture content vs. SBR, MBR, and heat released.

A. Burley
Moisture content Static bum rate Mass bum rate Heat released
(%) (10° cm/sec) (mg/min) (cab)
10.0 6.497 74.178 1644.1
10.9 6.330 72.001 1691.7
12.0 6.112 69.218 1734.5
13.0 5.905 66.590 1797.4
14.0 5.692 63.951 1865.2
15.0 5479 61.311 1937.6
B. Flue-cured
Moisture content Static bumn rate Mass bum rate Heat released
(%) (10° env/sec) (mg/min) (cal)
11.0 4676 60,365 1308.7
12.0 4.563 58.731 13444
13.1 4.430 56.813 13879
14.0 4318 55.220 1425.8
15.0 4.190 53.406 1471.1
16.0 4.060 51.587 1519.3
Table 2. Initial density effect on the SBR, MBR, and heat released.
Initial density| Static bum rate Mass bum rate Heat released
(g/cc) (10 emvsec) (mg/min) (cal)
flue-cured burley flue-cured burley flue-cured burley
0.213 5.901 7.630 52.270 67.933 1057.2 1424.5
0.228 5.520 7.142 53.459 69.479 1133.3 1489.4
0.313 3.970 5.149 58.149 75.548 1552.9 2053.0
0.341 3.620 4.709 59.143 76.845 1693.5 2242.0
0.370 3.340 4.338 59.981 77.924 1838.4 2431.2
Table 3. Circumference effect on the MBR and heat released.
Circumference Mass bum rate Heat released
(cm) (mg/min) (cal)
flue-cured burley flue-cured burley
2.10 35.888 46.197 1563.6 1788.3
2.20 40.544 51.886 1511.8 1758.0
2.30 45.468 58.011 1466.8 1711.9
2.40 50.662 64.401 1431.3 1702.8
2512 56.813 72.001 1387.9 1691.7
2.60 61.867 78.244 1371.2 1662.2
2.70 67.868 85.669 1363.4 1656.2
2.80 74.129 93.420 1344.6 1637.9
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INTRODUCTION

The modeling of coal pyrolysis reactions has been pursued since the initial studies by Gavalas and
Howard. Recently, a large number of models has been reported, such as the FG-VDC, CPD,
Flashchain and DEAM models. In these models, the activation energy or their distribution plays an
important role.

In this study, the weight loss of coals by thermogravimetry (TG) was analyzed to obtain pyrolysis
activation energies and frequency factors.

EXPERIMENTAL
Miike, Akabira, and Taiheiyo coals pulverized by a mortar and pestle were used in this study. The
results of ultimate and proximate analyses are shown in Table 1.

Pyrolysis was carried out in nitrogen at atmospheric pressure (100 cc/min flow rate) or under
vacuum conditions (10-30 Pa total pressure) using a TG to temperatures up to 1073 K at heating
rates between 3 K/min and 100 K/min.

RESULTS

Figures | and 2 show the weight loss curves for Miike coal at atmospheric pressure and under
vacuum, respectively. In both cases, the weight loss curve was moved to the higher temperature
zone as the heating rate increases. This phenomenon is also seen in the degradation of synthetic
polymers having the simple chemical bonds, such as polyethylene and polypropylene.

The final weight loss of coals heated to 1073 K under vacuum was larger than those under
atmospheric pressure, suggesting that mass transfer strongly influences weight loss in experiments
under atmospheric pressure.

ANALYSIS

Coal pyrolysis is generally analyzed as a first order reaction of volatile matter in the coal residue.
In this study, the final weight loss at 1073 K under vacuum conditions, 0.58, 0.52, and 0.55 for
Mikke, Akabira, and Taiheiyo coals, respectively, was defined as the quantity of original volatile
matter in the raw coals. These values were also used to model the experiments at atmospheric
pressure.

Assuming a first order reaction and the Arrhenius Equation for the rate constant, Equation 1 is
obtained.

(dVAT)C = (A) exp (-E/RT)(V*-V) )

where, A is frequency factor, E is activation energy, C is the heating rate, T is the temperature, and
V* is the original volatile matter in the raw coal.

By integration of Equation 1, Equation 2 is obtained.
In (C/T2=-(E/R)(I/T)HIn[(AR/EYIn[V*/(V*-V)]] ?2)

Assuming that the rate constant, K, of the first order reaction is identical at the same extent of
conversion at different heating rates, E at a specific extent of conversion can be obtained by plotting
In (C/T?) vs. (1/T), where T is the temperature at which the same conversion is obtained at each
heating rate. A is then calculated using Equation 2.

Figure 3 shows the plot of In (C/T?) vs. (1/T) of Miike coal pyrolyzed at atmospheric pressure for
conversions from 0.2 to 0.6. Activation energies and frequency factors for the different conversions
obtained by the above method are shown in Figures 4 and 5.
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Figure 6 shows the relationship between A and E obtained for conversions between 0.2 and 0.6,
which can be expressed as a line independent of coal and pressure. The rate constant of the first
order reaction is defined by the combination of A and E. This suggests that coal degradation rate
constant is the same for the conversions of 0.2 - 0.6 regardless of coals and pressure.

If the frequency factor is assumed to be constant during pyrolysis, a distribution of activation
energies is obtained by Equation 3, which is a popular method for the analysis of the first order
parallel reactions. In this study, the minimum frequency factors obtained by Figure 5 for the
experiments under vacuum condition, which are 1.0 x 102, 1.5 x 10", 4.0 x 10"7 sec"! for Miike coal,
Akabira coal and Taiheiyo coal respectively, are used. Figure 7 shows the distribution of the
activation energy of each coal.

E=(RT)In[A(V*-V)/(dV/dT)] : 3)
These figures show that activation energies for the experiments at atmospheric pressure and under
vacuum are almost identical up to the approximately 0.6 conversion for each coal. On the other
hand, activation energies for conversions greater than 0.6 are different at atmospheric pressure and
under vacuum conditions. It suggests that the reaction at atmospheric pressure is controlled by mass
transfer of the remaining heavy materials produced at conversion below approximately 0.6. It is
essential to understand the chemistry of remaining materials in the coals in the experiments at
atmospheric pressure.
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Table 1. Analyses of Coals Used

Ultimate Analysis (daf st%) Proximate Analysis (dry wt%)
Coal (o] H N S+O(diffy V.M. EC. Ash Water
Taikeiyo 74.87 655 0.89 17.69 45.87 43.71 10.42 1.24
Akabira 8332 636 140 892 40.18 52.92 6.90 0.61
Miike 83.78 6.75 1.01 8.46 44.06 47.23 8.71 0.27
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